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ABSTRACT
Utilizing spectroscopic observations taken for the VIMOS Ultra-Deep Survey (VUDS), new observations from Keck/DEIMOS, and publicly
available observations of large samples of star-forming galaxies, we report here on the relationship between the star formation rate (SFR) and the
local environment (δgal) of galaxies in the early universe (2 < z < 5). Unlike what is observed at lower redshifts (z ∼< 2), we observe a definite,
nearly monotonic increase in the average SFR with increasing galaxy overdensity over more than an order of magnitude in δgal. The robustness
of this trend is quantified by accounting for both uncertainties in our measurements and galaxy populations that are either underrepresented or not
present in our sample finding that the trend remains significant under all circumstances. This trend appears to be primarily driven by the fractional
increase of galaxies in high density environments that are more massive in their stellar content and are forming stars at a higher rate than their
less massive counterparts. We find that, even after stellar mass effects are accounted for, there remains a weak but significant SFR-δgal trend in
our sample implying that additional environmentally-related processes are helping to drive this trend. We also find clear evidence that the average
SFR of galaxies in the densest environments increases with increasing redshift. These results lend themselves to a picture in which massive gas-
rich galaxies coalesce into proto-cluster environments at z ∼> 3, interact with other galaxies or with a forming large-scale medium, subsequently
using or losing most of their gas in the process, and begin to seed the nascent red sequence that is present in clusters at slightly lower redshifts.
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1. Introduction
It has now been firmly established that dense environ-
ments at low- to intermediate-redshifts (z <∼ 1.5) are gen-
erally hostile to star formation activity. While the reasons
underyling the establishment of such trends are still de-
bated, observations have clearly shown that galaxies inhab-
iting low- to intermediate-redshift clusters are generally red-
der (e.g., Hansen et al. 2009; Peng et al. 2010; Cooper et al.
2010; Lemaux et al. 2012; Kovacˇ et al. 2014; Balogh et al.
2016; Nantais et al. 2016, 2017; Cucciati et al. 2017; Lemaux
2019; van der Burg et al. 2020), are less star-forming (e.g.,
Gómez et al. 2003; von der Linden et al. 2010; Muzzin et al.
2012; Tomczak et al. 2019; Old et al. 2020), and are more likely
to have undergone recent quenching events (e.g., Tran et al.
2003; Wu et al. 2014; Lemaux et al. 2017; Socolovsky et al.
2018; Owers et al. 2019; Paccagnella et al. 2019) than coeval
field samples. As a result, the general relationship between the
average star formation rate (SFR) of galaxies and galaxy den-
sity (δgal) up to z ∼ 1.5 appears to be one of an anti-correlation.
Furthermore, the presence of massive, red galaxies appears to
persist in some overdense environments at least to z∼2 (e.g.,
Kodama et al. 2007; Strazzullo et al. 2013; Diener et al. 2015),
However, there are hints that this relationship between SFR and
δgal observed at lower redshifts begins to break down or even re-
verse by z ∼ 1.5. At slightly higher redshifts (z ∼ 1.5−2), several
⋆ This paper is dedicated to Dr. Olivier Le Fèvre. Though he was
unable to witness its completion, it was his vision and tenacity that made
this work, among countless others, possible.
case studies from individual structures or relatively small field
surveys have shown intriguing indications of this reversal, with
galaxies inhabiting denser environments showing increased star
formation activity relative to counterparts in more rarefied envi-
ronments (e.g., Cucciati et al. 2006; Elbaz et al. 2007; Tran et al.
2010; Santos et al. 2014, 2015). These indications are consistent
with the early formation epochs inferred of massive galaxies in
intermediate-redshift clusters (Hilton et al. 2009; Rettura et al.
2010; Raichoor et al. 2011; Lemaux et al. 2012; Fumagalli et al.
2016), as well as the mere presence of massive and evolved
galaxies at z ∼ 5 (e.g., Mawatari et al. 2016; Lemaux et al.
2018), all of which strongly indicates that the peak of star-
formation activity for massive cluster galaxies broadly lies at
early epochs (z > 2).
Such observations are corroborated by results from simula-
tions in which it is estimated that forming clusters, i.e., proto-
clusters, form the vast majority of their stellar content at early
times, ∼50% during the 1.5 Gyr period from 2 < z < 4
(Chiang et al. 2017). During these epochs, it is predicted that
proto-cluster environments become an important contribution
to the overall comoving cosmic SFR density (SFRD), which
is seen to peak at these redshifts (Madau & Dickinson 2014).
While proto-clusters fill only ∼3% of the comoving volume of
the universe at these epochs, they are estimated to contribute 20-
30% to the overall SFRD (Chiang et al. 2017; Muldrew et al.
2018), implying a rate of stellar mass assembly far outpacing
that of the field. Concurrent to the peak in the cosmic SFRD,
the rate of galaxies undergoing major mergers also appears
to increase to these redshifts (e.g., López-Sanjuan et al. 2013;
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Tasca et al. 2014), suggesting that the seeds of the most mas-
sive cluster galaxies observed today are sewn both through in
situ star-formation and ex situ through galaxy merging in the ex-
tended proto-cluster environment.
While this picture is extremely exciting, definitive obser-
vational evidence at these redshifts has been lagging. Many
searches for proto-clusters at such redshifts have been at-
tempted. However, such searches are extremely challeng-
ing due to the extreme faintness of the galaxy populations.
While photometric redshifts can be used to identify proto-
cluster candidates in blank fields (e.g., Diener et al. 2013;
Chiang et al. 2014) or around radio quasars (e.g., Hatch et al.
2014), without spectroscopic confirmation the authenticity
of these candidates is suspect. Spectroscopic searches for
proto-clusters are typically targeted at Lyman-Alpha Emitters
(LAEs; Toshikawa et al. 2014, 2016, 2018, 2020; Dey et al.
2016) or Sub-Millimeter Galaxies (SMGs; Casey et al. 2015;
Smolcˇic´ et al. 2017a; Greenslade et al. 2018; Lewis et al. 2018;
Oteo et al. 2018; Cheng et al. 2020; Long et al. 2020), galax-
ies which can be either sub-dominant or extremely biased rel-
ative to the overall galaxy population (e.g., Cassata et al. 2015;
Miller et al. 2015) and may trace overdensities differently than
more typical populations (e.g., Shi et al. 2019; Guaita et al.
2020). The inhomogeneity inherent in this selection, combined
with a lack of large, comparable field samples makes any study
of environmentally-driven evolution difficult to interpret.
Still, there exist exciting case studies of high-redshift proto-
cluster systems detected through these search techniques, where
star formation activity among member galaxies is seen to far
outpace that of the coeval field (e.g., Greenslade et al. 2018;
Miller et al. 2018; Shimakawa et al. 2018a; Noirot et al. 2018;
Cheng et al. 2019, 2020; Hill et al. 2020). Several case stud-
ies probing more typical galaxies in proto-cluster environments
at z > 2 also show similar behavior (e.g., Wang et al. 2016;
Shimakawa et al. 2018a; Shi et al. 2020). Additionally, analy-
sis of the ultraviolet luminosity function of photometrically-
selected proto-cluster candidate galaxies suggest that such be-
havior might be a general property of proto-cluster galaxies at
high-redshift (Ito et al. 2020). However, in order to confirm that
this trend is indeed general in the high-redshift universe, rather
than limited to a small number of proto-clusters or proto-clusters
in a rare phase of their evolution, a spectroscopic census of a
representative galaxy population in a large ensemble of form-
ing overdensities in the early universe, as well as a comparably-
selected field sample, is required.
In this paper we present an investigation of the relation-
ship between SFR and galaxy density of a large sample of
spectroscopically-confirmed galaxies in the early universe (2 ≤
z ≤ 5). This sample is primarily drawn from observations
taken with VIsible Multi-Object Spectrograph (Le Fèvre et al.
2003) as part of the VIMOS Ultra-Deep Survey (Le Fèvre et al.
2015) across three well-studied extragalactic fields. Additional
spectroscopic data were drawn from the VIMOS VLT Deep
Survey (VVDS; Le Fèvre et al. 2013), the zCOSMOS survey
(Lilly et al. 2007, 2009, Lilly et al. in prep), a variety of other
smaller public surveys, and new observations from the Keck
DEep Imaging Multi-Object Spectrograph (Faber et al. 2003)
to create a sample of 6730 spectroscopically-confirmed star-
forming galaxies extending over a footprint of ∼3 deg2. These
spectral observations were complemented by deep multiband
imaging observations, which were used both for the estimate of
high-quality photometric redshifts and an estimate of the instan-
taneous star formation rates of galaxies. A weighted combina-
tion of spectroscopic and photometric information was used to
create high-fidelity galaxy density maps with which to investi-
gate the effect of environment on star formation activity at these
redshifts.
The structure of the paper is as follows. In §2 we discuss
the imaging and spectroscopic observations used for this study,
the methods for estimating photometric redshifts, star formation
rates, and environment, as well as the representativeness of our
spectral sample. In §3 we investigate the general relationship be-
tween SFR − δgal and stellar mass-δgal for our final sample, in-
cluding the behavior of SFR − δgal as a function of stellar mass
and of redshift, and explore scenarios which may give rise to the
observed trends. In §4 we summarize our results and present our
main conclusions. Throughout this paper all magnitudes, includ-
ing those in the IR, are presented in the AB system (Oke & Gunn
1983; Fukugita et al. 1996) and distances are given in proper
rather than comoving units. We adopt a concordance ΛCDM
cosmology with H0 = 70 km s−1 Mpc−1, ΩΛ = 0.73, and ΩM
= 0.27. While abbreviated for convenience, throughout the pa-
per stellar masses are presented in units of h−270M∗, star forma-
tion rates in units of h−270M∗ yr−1, proper distances in units of h−170
kpc/Mpc, respectively, where h70 ≡ H0/70 km−1 s Mpc.
2. Observations and Spectral Energy Distribution
Fitting
The primary observations used for this study are drawn from
the VIMOS Ultra-Deep Survey (VUDS, Le Fèvre et al. 2015), a
massive 640-hour (∼80 night) spectroscopic campaign reaching
extreme depths (i′ <∼ 25) over three well-studied extragalactic
fields: the Cosmic Evolution Survey (COSMOS, Scoville et al.
2007) field, the Extended Chandra Deep Field South (ECDFS,
Lehmer et al. 2005), and the first field of the Canada-France-
Hawai’i Telescope Legacy Survey (CFHTLS-D11) also known
as the VVDS-02h field. These observations are supplemented
by a variety of publicly available imaging and spectroscopic
datasets taken in the same three fields as well as our own fol-
lowup observations. We describe the basic properties of these
data below.
2.1. Imaging Data and Photometry
The imaging data relevant to this study have been discussed
in detail in other papers and, as such, are only briefly de-
scribed here. These data broadly include extremely deep (mAB ∼
24 − 27, 5σ completeness limit) ≥10−band imaging spanning
from the observed-frame ultraviolet (UV) to the near-infrared
(NIR) in addition to imaging data which span a variety of
other wavelengths that are generally not used in this study.
For the CFHTLS-D1 field we use the UV/optical/NIR imaging
data described in Lemaux et al. (2014a,b). These data include
deep ground-based u∗g′r′i′z′ imaging with the Canada-France-
Hawai’i Telescope (CFHT)/MegaCam (Boulade et al. 2003) as
part of the CFHTLS, as well as deep JHKs imaging in the
NIR from WIRCam (Puget et al. 2004) taken for the WIRCam
Deep Survey (WIRDS; Bielby et al. 2012) and [3.6][4.5] µm
imaging from the InfraRed Array Camera (IRAC; Fazio et al.
2004) on board the Spitzer Space Telescope taken as part of the
Spitzer Extragalactic Representative Volume Survey (SERVS;
Mauduit et al. 2012).
For the ECDFS field, we draw on the imaging data de-
scribed in Cardamone et al. (2010) and references therein.
1 http://www.cfht.hawaii.edu/Science/CFHTLS/
Article number, page 2 of 22
B. C. Lemaux et al.: The Reversal of the SFR-Density Relation
These data include deep UBVRIz imaging taken from the
Garching-Bonn Deep Survey (GaBoDS; Hildebrandt et al.
2006) and the Multiwavelength Survey by Yale-Chile (MUSYC;
Gawiser et al. 2006), as well as deep imaging in the NIR
(JHK[3.6][4.5][5.8][8.0]) fromMUSYC, Moy et al. (2003), and
the Spitzer IRAC/MUSYC Public Legacy Survey in the Ex-
tended CDF-South (SIMPLE; Damen et al. 2011). Though this
field is covered by Hubble Space Telescope (HST) obser-
vations with the Cosmic Assembly Near-infrared Deep Ex-
tragalactic Legacy Survey (CANDELS; Grogin et al. 2011;
Koekemoer et al. 2011), only a sub-section of the area which
is spanned by the spectroscopic data used in this study is cov-
ered by these observations. Moreover, we have found that none
of the physical parameters presented in this study (see §2.3)
are, on bulk, appreciably affected by fitting to the deeper CAN-
DELS data as opposed to the primarily ground-based imaging of
Cardamone et al. (2010)2.
For the COSMOS field we draw on two different datasets
which are described in detail in Lemaux et al. (2018). For
the vast majority of the objects studied in this paper we use
the “COSMOS2015" imaging data compiled by Laigle et al.
(2016), which include imaging in the near-ultraviolet (NUV)
from the GALaxy Evolution eXplorer (GALEX; Martin et al.
2005), ground-based u∗BVri+z++ UV/optical imaging from
CFHT/MegaCam and Subaru/Suprime-Cam (Miyazaki et al.
2002), ground-based YJHK imaging from Subaru/Hyper-
Suprime-Cam (HSC, Miyazaki et al. 2012), the UltraVISTA sur-
vey (McCracken et al. 2012), and CFHT/WIRCam, as well as
extremely deep [3.6][4.5][5.8][8.0] imaging from Spitzer/IRAC.
All galaxies in our COSMOS spectroscopic sample (see §2.2)
were matched to the COSMOS2015 catalog using nearest-
neighbormatchingwith a maximum radius of 0.75′′ (median off-
set 0.07′′). For the small subset of galaxies with secure spectro-
scopic redshifts (hereafter zspec, see §2.2 for the operational def-
inition of this phrase) in the COSMOS field for which we were
not able to find a photometric counterpart in the COSMOS2015
catalog, we used v2.0 of the photometric catalog presented in
Capak et al. (2007)3, which uses a subset of the imaging in the
COSMOS2015. For those objects which had counterparts in both
catalogs, we noticed no systematic offset between parameters de-
rived using the two different sets of photometry for any of the
parameters presented in this study. For further details on these
observations, their reduction, source detection, and magnitude
measurements including point spread function (PSF) homoge-
nization and the various methods used to apply aperture cor-
rections see Lemaux et al. (2014a,b), Cardamone et al. (2010),
Capak et al. (2007), Laigle et al. (2016) and references therein.
2.2. Spectroscopic Data
The spectroscopic data employed in this study were drawn from
a variety of different surveys. For all redshift surveys we selected
only those galaxies with secure zspec measurements, the defini-
tion of which differs slightly based on the survey being used, and
limited the redshift range to 2 < zspec < 5. The majority of our
2 More specifically we find a median difference of only 0.09 and 0.02
dex for stellar mass and star formation rate, respectively, for galaxies
that are detected in both catalogs, with fitting run on MUSYC photom-
etry generally returning larger values.
3 Different detection bands and photometric masking methods resulted
in some objects being present in the Capak et al. (2007) catalog that
are not in the COSMOS2015 catalog. As in Lemaux et al. (2018), we
exclude the Spitzer/IRAC cryogenic bands ([5.8]/[8.0]) presented in the
Capak et al. (2007) catalog from all analysis.
zspec values (53.7%) were taken from VUDS. This survey pri-
marily utilizes photometric redshifts (hereafter zphot) drawn from
the photometric catalogs described above4 to select targets for
spectroscopic followup using the VIsible Multi-Object Spectro-
graph (VIMOS; Le Fèvre et al. 2003) mounted on the Nasmyth
platform of the 8.2-m Very Large Telescope (VLT) Unit Tele-
scope 2 (UT2/Melipal) at Cerro Paranal. The spectroscopic tar-
gets are largely limited to i′/i+/I < 25 and those objects whose
primary or secondary zphot solution satisfies zphot + 1σ > 2.4.
Spectroscopic observations consisted of approximately 50400s
of integration across the wavelength range 3650 ≤ λobs ≤ 9350Å
at a spectral resolution of R = 230. For further discussion of the
survey design, observations, reduction, redshift determination,
and the properties of the full VUDS sample see Le Fèvre et al.
(2015) and Tasca et al. (2017) for details of the first VUDS data
release5.
The flagging code for VUDS is discussed in Le Fèvre et al.
(2015). We take two different approaches regarding galaxies
with different flags in this paper. For the selection of our sample
as well as spectral energy distribution (SED) fitting, we consider
those galaxies with flags = X2, X3, X4, & X9 as being “secure",
where X=0, 2, or 36. According to Le Fèvre et al. (2015), galax-
ies with these flags have a redshift which is reliable at the 75-
99.3% level. In §2.4 we quantify the reliability of the different
flags for VUDS and in the remaining part of our analysis that
employs zspec measurements, the creation of our metric of envi-
ronment, the zspec value for galaxies of differing flags are treated
probabilistically using these reliability estimates.
The next largest contribution to our sample falls in the COS-
MOS field and is drawn from the Bright and Deep phases of
the zCOSMOS survey (Lilly et al. 2007, 2009, Lilly et al. in
prep, Diener et al. 2013, 2015). The galaxies drawn from these
surveys contribute 26.1% of our total sample. In the COS-
MOS field, a small number of additional redshifts were taken
from Casey et al. (2015), Chiang et al. (2015), and Diener et al.
(2015) at z ∼ 2.5. In the ECDFS field, a list of publicly-available
redshifts was compiled by one of the authors (NPH) taken
from a variety of different surveys (e.g., Vanzella et al. 2008,
2009; Hathi et al. 2009; Straughn et al. 2009; Balestra et al.
2010; Cooper et al. 2012; Kurk et al. 2013; Trump et al. 2013;
Morris et al. 2015) and contribute 13.2% to our total sample.
In the CFHTLS-D1 field, galaxies were drawn from the Deep
and UltraDeep phases of the VIMOS VLT Deep Survey (VVDS,
Le Fèvre et al. 2005, 2013) and contributed 6.0% to our total
sample. For each survey listed here we attempted as best as
we were able to homogenize the flagging system relative to the
VUDS flagging system and select only those galaxies which
4 Because the COSMOS2015 catalog was not available at the inception
of the VUDS survey, the Capak et al. (2007) photometry was used to
measure zphot values.
5 http://cesam.lam.fr/vuds/DR1/
6 X=0 is reserved for target galaxies, X=2 for non-targeted objects that
fell serendipitously on a slit at a spatial location separable from the tar-
get, and X=3 for non-targeted objects that were serendipitously sub-
tended slit at the same spatial location as the target. Galaxies identified
spectroscopically as broadline active galactic nuclei (AGN), X=1 in the
VUDS flagging system, are excluded from our analysis, due to the dif-
ficulty of measuring their physical parameters through spectral energy
distribution fitting with the standard approach taken in this study. For
more details on the fiducial probability of a correct redshift for a given
flag, see Le Fèvre et al. (2015)
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had flags equivalent to those considered secure for VUDS7. All
galaxies observed in two or more surveys were assigned a single
redshift based on the zspec with the highest confidence flag, with
VUDS redshifts being used in the case of a tie.
Finally, we incorporate new followup DEep Imaging Multi-
Object Spectrograph (DEIMOS; Faber et al. 2003) observations
of the PCl J1001+0220 z ∼ 4.57 proto-cluster located in
the COSMOS field (Lemaux et al. 2018). These observations
are part of the Charting Cluster Construction with VUDS and
ORELSE (C3VO) survey, an ongoing campaign which involves
observations with both DEIMOS and the Multi-Object Spec-
trometer For Infra-Red Exploration (MOSFIRE; McLean et al.
2012) on the Keck i/ ii telescopes. The Keck component of the
C3VO survey is designed to provide a nearly complete mapping
of the five most significant overdensities detected in VUDS, in-
cluding those reported in Lemaux et al. (2014b), Cucciati et al.
(2014), Lemaux et al. (2018), and Cucciati et al. (2018), by tar-
geting star-forming galaxies of all types to iAB < 25.3 (or∼ L∗FUV
at z ∼ 4.5 and < L∗
FUV
at z ∼ 2.5) and Lyman-α (hereafter Lyα)
emitting galaxies to fainter magnitudes.
The Keck-C3VO sample presented here is comprised of
galaxies from the only two DEIMOS slitmasks which have been
fully observed and analyzed at the time of writing. Including
these observations allowed us to bolster the high-redshift end of
our sample appreciably, as ∼10% of our high−z (z > 4) galaxy
sample are Keck/DEIMOS galaxies. These observations addi-
tionally allowed us to populate the sample of galaxies in high-
density environments at these redshifts more fully, as 20 new
members of PCl J1001+0220 were discovered by these obser-
vations, which results in a combined sample that is more than
triple the previously known member sample and provides an ap-
preciable fraction (∼20%) of the high−z, high-density sample
(log(1 + δgal) > 0.22, see §2.4) presented in this work. The
two DEIMOS masks included here were observed on Decem-
ber 22nd, 2016 and December 26th, 2017 for ∼4 hours each
under nearly photometric conditions and 0.7−0.8′′seeing. For
each mask we used the 600 l mm−1 grating in conjunction with
the GG455 order blocking filter and a central wavelength of
λc = 7200Å. All slitmasks were milled with 1′′-wide slits. This
setup resulted in a plate scale of 0.66Å pix−1, an R ∼ 2500
(R = λ/θFWHM , where θFWHM is the full-width half-maximum
resolution), and a wavelength coverage of 4600Å <∼ λ <∼ 9800Å.
The two masks were centered at [αJ2000, δJ2000] = [10:01:02.25,
2:17:20.0] and [10:01:22.92, 2:21:41.6] with a position angle of
90◦, thus subtending a considerable fraction of the proto-cluster
area as defined in Lemaux et al. (2018) (see Figure 1 for the lay-
out of these observations).
Targets were selected using a combination of magnitude
and zphot cuts. Primary targets were selected using the criteria
4.53 − 1σ∆z/(1+z)(1 + zPCl) ≤ zphot ≤ 4.60 + 1σ∆z/(1+z)(1 + zPCl)
and iAB < 25.3, where zPCl = 4.57, the systemic redshift of PCl
J1001+0220, and σ∆z/(1+z) = 0.016, which is a rough estimate
of the photometric redshift precision in COSMOS at these red-
shifts. Note that this value of σ∆z/(1+z) was based on analysis pre-
sented in Smolcˇic´ et al. (2017a) using a different sample selec-
tion and methodology than that used for the full sample in this
paper. It is considerably smaller than the equivalent value esti-
mated using our sample (see §2.3), though, in practice, this dis-
crepancy did not meaningfully affect our target selection process
7 Broadly, the statistics of the flagging system in the zCOSMOS and
VVDS surveys are on the same basis as those in VUDSmaking this task
trivial for the bulk of these galaxies.
as primary targets were always subdominant on the DEIMOS
masks.
Objects with detections in X-ray and/or radio imaging at any
zphot value that lacked a secure zspec were highly prioritized.
Lower priority targets included objects in a similar magnitude
range but within a larger zphot range centered on the systemic
redshift of PCl J1001+0220, objects in the same zphot range but
at fainter magnitudes (25.3 < iAB ≤ 26.5), brighter objects
(iAB < 25.3) likely in the background of the proto-cluster, and
galaxies previously targeted by VUDS. These magnitude lim-
its were imposed such that continuum observations at modest
signal-to-noise ratios (S/N) of ∼1 per native resolution element
could be achieved for our primary target sample such that red-
shifts were obtainable in the presence or absence of Lyα in emis-
sion.
Redshifts were evaluated with a modified version of the
zspec code (Newman et al. 2013) which incorporated em-
pirical high-redshift galaxy templates from the VUDS and
VVDS surveys as well as high-resolution empirical Lyα tem-
plates from Lemaux et al. (2009). Each object inspected was as-
signed a quality code, Q, broadly following the convention of
Newman et al. (2013). The one modification made to this con-
vention was to assign a secure redshift (Q = 3) to those galax-
ies that exhibited a single redward skewed emission line indica-
tive of Lyα, In total 256 objects were targeted across the two
masks yielding 73 high-quality redshifts of which 50 were in
the redshift range 4 < z < 5. In addition, 25 high-quality red-
shifts were obtained for objects which serendipitously fell on
the otherwise empty regions of our slits. These serendipitous de-
tections were identified and extracted in the manner described
in Lemaux et al. (2009). Figure 1 shows the spatial location of
the two DEIMOS masks incorporated in this study, the locations
of newly-confirmed z > 4 galaxies, and the distribution of high-
quality zspec measurements on both masks.
Combining all samples together, removing duplicates, and
imposing the NIR magnitude cuts that are used for each field to
define the final sample both for photometric and spectroscopic
objects (see §2.4), resulted in a total of 6730 galaxies with high-
quality zspec values. This sample will be referred to hereafter as
the final VUDS+ spectral sample or simply the VUDS+ sample.
2.3. Synthetic model fitting
The photometry measured on the imaging observations de-
scribed in the previous section was used as input for two dif-
ferent forms of SED fitting. In the first form of the SED fit-
ting, aperture-uncorrected magnitudes were input to the code
Le Phare8 (Arnouts et al. 1999; Ilbert et al. 2006, 2009) in or-
der to determine zphot values and associated probability den-
sity function (PDFs) for all sources detected in each field. The
methodology used for computing zphot follows that described
in Ilbert et al. (2009, 2013), with the final zphot for each ob-
ject being derived from the median of the resultant PDFs, with
their associated errors set by the 16th and 84th percentile of
each PDF. The precision and accuracy of the zphot estimates
in each field over the redshift range 2 ≤ z ≤ 5, at least as
they are able to be measured by galaxies with secure zspec,
are discussed in detail in Lemaux et al. (2014a, 2018); Lemaux
(2019); Smolcˇic´ et al. (2017a); Laigle et al. (2016). These num-
bers range from σ∆z/(1+z) = 0.032− 0.035 and η = 20.2− 26.3%,
where η is the percentage of catastrophic outliers defined as
|zspec − zphot |/(1 + zspec) > 0.15, with no appreciable bias for
8 http://cfht.hawaii.edu/~arnouts/LEPHARE/lephare.html
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Fig. 1. Left: Layout of the two masks observed with DEIMOS as part of the C3VO survey in the vicinity of the PCl J1001+0220 proto-cluster
at z ∼ 4.57 against the backdrop of a two-dimensional overdensity map generated using the methodology described in §2.4, though here the
overdensity is calculated over the entire redshift extent of PCl J1001+0220 indicated at the top of the plot. The two completed DEIMOS slitmasks
are outlined in black. The dashed circle denotes Rpro j = 2 Mpc centered on the barycenter of the detection in the overdensity map. The highest
priority DEIMOS targets (i+ < 25.3 and 4.44 ≤ zphot ≤ 4.70) in the vicinity of PCl J1001+0220 are shown as filled dark green circles. Galaxies with
high-quality zspec measurements from VUDS and from our new DEIMOS observations within the redshift range of PCl J1001+0220 are shown as
purple squares and blue stars, respectively. Galaxies with high-quality zspec measurements from the DEIMOS observations at z > 4 but not within
the redshift range of PCl J1001+0220 are shown as white crosses. Right: Redshift histogram of all objects with secure zspec measurements from
Keck/DEIMOS observations. The blue hatched histogram shows the zspec distribution of all targeted galaxies with a secure zspec, while the gray
solid histogram also includes those galaxies which serendipitously fell on in the area subtended by the slits in the two masks. These DEIMOS
observations add considerably to the high-redshift portion of the sample presented in this study, especially at the high-density end.
a sample limited to 2 < zspec < 5 and Ks < 24.1/[3.6]<23.1,
[3.6]<24.8, and [3.6]<25.3 in the CFHTLS-D1, ECDFS, and
COSMOS fields, respectively (see §2.4 for the meaning behind
these photometric cuts). Note that these estimates are different
than some previous estimates taken from the literature because
of the differing spectroscopic sample, photometric cuts, and red-
shift range considered. Through the use of the reconstructed PDF
for each zphot object, the precision and accuracy of these zphot
measurements are incorporated statistically into our analysis (see
§2.4).
The second form of the SED fitting used the aperture cor-
rected “total" magnitudes as input to Le Phare in order to esti-
mate physical parameters of the sample. For the purposes of this
paper, we used only the fitting for those galaxies with a secure
zspec. For these galaxies, the redshift was fixed to the spectral
redshift prior to fitting. Input photometry was fit to a variety of
different Bruzual & Charlot (2003) synthetic models generated
from exponentially declining and delayed star formation histo-
ries (SFHs) using a Chabrier (2003) initial mass function (IMF)
and varying dust contents and stellar-phase metallicities. For
each galaxy, the median of the marginalized PDF for each phys-
ical parameter was adopted as the value of that parameter, with
the formal uncertainty adopted from the values of each parame-
ter at the 16th and 84th percentile of the PDF. For a full listing of
the parameters adopted for the fitting as well as other details on
this fitting process see Lemaux et al. (2014a) and Lemaux et al.
(2014b).
We note that while SED-fit star formation rates (SFRs) have
considerable associated uncertainties, they are found to corre-
late well, on average, with independent measures of SFRs at
intermediate and high redshift, at least for galaxies with SFRs
in the range 5 <∼ SFR <∼ 200 M⊙ yr−1 (e.g., Wuyts et al.
2011; Mostek et al. 2012; Arnouts et al. 2013; Talia et al. 2015;
Schaerer et al. 2020, though see Lower et al. 2020 for an alter-
nate view). This SFR range encompasses the vast majority of
our sample. In addition, all of our analysis is robust to the statis-
tical incorporation of the formal random uncertainties in the de-
rived SFRs (see §3.1). Such a claim is not conclusive evidence
of the robustness of our results if the error budget of our SED-fit
SFR estimates are dominated by systematics. However, if those
systematics are not a strong function of the true SFR or of envi-
ronment it is unlikely that they would meaningfully modify any
of the results presented in this study.
Despite attempting to homogenize the data as much as pos-
sible, a few differences were noticed in the distributions of the
SED-fit parameters from field to field likely due to issues of at-
tempting to fit both different sets of filters as well as different
treatment of the photometry for each of the various surveys (see
AppendixA). For the SED-fit parameters employed in this study,
M∗ and SFR, our full spectroscopic sample exhibited a median
offset of +0.03/+0.07 dex and -0.13/+0.14 dex for the two pa-
rameters, respectively, for the ECDFS and CFHTLS-D1 fields,
respectively, relative to the COSMOS field. The COSMOS field
is chosen as a reference field because it is the largest of the three
VUDS fields, and choosing it serves to mitigate sample variance
and allows for the tests that are performed in Appendix A. While
it is possible this offset is physical and related to sample variance
of the galaxy populations or differing selection functions across
the different fields, this is not likely as a similar field-to-field
offsets were seen in smaller redshift bins spanning the range of
the full sample. The possibility that sample variance is primar-
ily responsible for inducing these offsets is discussed further in
Appendix A.
We correct for this effect by subtracting the bulk offset ob-
served in the ECDFS and CFHTLS-D1 fields from the individual
M∗ and SFR values of all galaxies in those fields. As the off-
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sets were measured by comparing to the average values in the
COSMOS field, averageM∗ and SFR values for the galaxies in
the COSMOS field were unchanged by this process. These cor-
rected values in the CFHTLS-D1 and ECDFS fields are used in
all subsequent analysis. We note that none of the results in this
paper are changed appreciably if we do not make this correction.
Additionally, the main results also persist at a slightly reduced
significance (though still >> 3σ) if we instead limit our sample
to the COSMOS field which is uncorrected for this effect.
2.4. Local Environment
To define environment in this study we rely on a modified ver-
sion of the Voronoi tessellation measure of the density field
that has been employed by a variety of other studies which rely
nearly exclusively on photometric redshifts (e.g., Scoville et al.
2013; Darvish et al. 2015; Smolcˇic´ et al. 2017a). The method
used here, known as Voronoi Monte Carlo (VMC) mapping,
which uses a weighted combination of spectroscopic and pho-
tometric redshift information, follows the method described in
Lemaux et al. (2018) almost identically. As such, it is only
briefly described here. For each field, beginning at z = 2 and
reaching up to z ∼ 5 in steps of 3.75 Mpc steps along the line
of sight, a suite of 25 Monte Carlo realizations of zspec and
zphot catalogs were generated for each step. As in other stud-
ies employing the VMC mapping at high redshift (Cucciati et al.
2018; Lemaux et al. 2018), the zspec values are not considered
as absolute truth, but are rather treated statistically following the
method outlined in Appendix B. At each iteration of each step,
a set of objects with and without zspec values were defined fol-
lowing the method described in Appendix B. The spectral and
photometric sample realized for a given iteration and slice was
then cut at a magnitude limit that was determined uniquely for
each field, [3.6]<25.3 for COSMOS, [3.6]< 24.8 for ECDFS,
and [3.6]< 23.1 and Ks < 24.1 for CFHTLS-D1. Detection
in two NIR bands was required for the CFHTLS-D1 field due
to the relative shallowness of the IRAC imaging in this field.
This requirement is not imposed in the other two fields, as the
ground-based NIR data were shallower than the IRAC imaging
in those fields. As a consequence, for the COSMOS and ECDFS
field, the [3.6] cut effectively guaranteed useful information in
the other NIR bands, which ensured that the rest-frame SED of
all sources was meaningfully probed over the Balmer/Dn(4000)
break. These photometric limits correspond to the 3σ limiting
depth of the IRAC/WIRCam images in the three fields and se-
lect samples 80% complete to log(M∗/M⊙) ∼9.2-9.5 across
the three fields at z ∼ 3 using the methodology described in
Lemaux et al. (2018).
For each realization of each redshift step, two-dimensional
Voronoi tessellation is then performed on all objects whose as-
signed redshift fell within ±3.75 Mpc of the central redshift of
each bin, i.e., a bin width of ∆χ = 7.5 Mpc or ∆z ∼ 0.015− 0.08
from z ∼ 2 − 5. The 3.75 Mpc steps between slices along with
the slice thickness ensure overlap between successive slices such
that we do not miss overdensities by randomly choosing un-
lucky redshift bounds. For each realization of each slice, a grid
of 75×75 kpc pixels was created to sample the underlying local
density distribution. The local density at each grid value for each
realization and slice was set equal to the inverse of the Voronoi
cell area (multiplied by D2
A
, where DA is the angular diameter
distance at the redshift of interest) of the cell that enclosed the
central point of each pixel. Final local densities, ΣV MC , for each
grid point in each redshift slice are then computed by median
combining the values of 25 realizations of the Voronoi maps. The
choice of 25 realizations was motivated by balancing computa-
tional time with a sufficient number of realizations to effectively
sample the probability distributions of the zphot and zspec objects.
In previous tests used for the z ∼ 1 version of this mapping (see,
e.g., Lemaux et al. 2017; Tomczak et al. 2017; Hung et al. 2020)
where the computational time to generate maps is considerably
less, maps which were created using 25 iterations did not show
significantly higher variance in their density values relative to
different realizations of maps using two or four times more iter-
ations.
The local overdensity value for each grid point is then com-
puted as log(1 + δgal) ≡ log(1 + (ΣV MC − Σ˜V MC)/Σ˜V MC), where
Σ˜V MC is the median ΣV MC for all grid points over which the map
was defined, i.e., excluding an ∼ 1′ wide border region to mit-
igate edge effects. Uncertainties on the log(1 + δgal) values of
each pixel are taken from the 16th and 84th percentile of the
distribution of log(1 + δgal) values populated by the 25 realiza-
tions (i.e., the fourth lowest and highest log(1 + δgal) value for
all realizations). Because these maps are, generally, so large in
the transverse dimensions relative to the size of any contained
structures, the maps are much less sensitive to the types of issues
discussed in previous works which implement the VMC method
(e.g., Cucciati et al. 2018; Hung et al. 2020) that serve to confuse
or bias overdensity measurements in certain redshift slices due
to the presence of large structures. The use of a NIR-selected
sample rather than an optically-selected sample also serves to
mitigate these issues, as, due to the higher source density at
a fixed magnitude limit, a larger fraction of zphot objects enter
into each VMC map, which serves to smooth out the density
field. As such, it was not necessary to take the approach used
in Cucciati et al. (2018) and Hung et al. (2020) to fit the aver-
age density value and root mean squared (RMS) fluctuations
as a function of redshift slice. Rather, here we simply use the
median density value measured on the masked maps to calcu-
late log(1 + δgal) (see Lemaux et al. 2018 for the basics of the
masking method). Using the approach adopted in Cucciati et al.
(2018) and Hung et al. (2020), while only subtly different than
the one used here, is crucial when attempting to search for co-
herent overdensities, i.e., (proto-)groups and clusters, to define
the global environment of galaxies. This approach will be used
to define this environmental metric in future work presenting the
full set of overdensity candidates in the VUDS+ sample.
The main modification to the VMC method made in this
work relative to other works that employ this technique is the
formalism of the statistical treatment of the spectral redshifts in
the mapping. This modification is described in Appendix B. In
Figure 2 we show an example of our VMC reconstruction of a
proto-cluster at z ∼ 4.57 in the COSMOS field as well as the
stellar mass vs. overdensity distribution of galaxies with secure
zspec values in each of the three fields. We note that all galax-
ies with an assigned overdensity value of log(1 + δgal) < −0.3
were removed from the final sample as such values are likely
attributable to masking effects. Such galaxies comprised a neg-
ligible percentage of our original VUDS+ sample (< 1%). As
in the case of the SED fitting parameters, we noticed a slight
variation in the median log(1 + δgal) values across the spectral
sample in the three fields, with log(1 + δ˜gal) =0.14, 0.11, & 0.20
in the COSMOS, CFHTLS-D1, & ECDFS fields, respectively9.
However, these offsets were small and varied over the redshift
range of the final spectral sample, which implied the genesis of
9 Note that log(1 + δ˜gal) is not zero since the value is always measured
at the location of a galaxy, which is a denser region than typical in the
universe.
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Fig. 2. Left: An example of our VMC overdensity mapping (see §2.4) as applied to the COSMOS field in the redshift range 4.52 ≤ z ≤ 4.64, nearly
an identical range as is shown in Figure 1. The main structure seen in the mapping is again the PCl J1001+0220 proto-cluster at z ∼ 4.57. Here, in
addition to showing the transverse dimensions, we also show the extent of the structure in the third dimension, redshift, which extends in this cube
between 4.52 ≤ z ≤ 4.64. The redshift dimension is added by rendering the narrow redshift slices used in our analysis to define galaxy overdensity
rather than employing a single slice over the redshift extent of the proto-cluster as was done in Figure 1. The scale bar in the lower right shows the
galaxy overdensity values, with the lower and upper end of the dynamic range corresponding the “Intermediate" and “Peak" regions as defined in
§3.1. Right: Distribution of the full VUDS+ spectral sample inM∗ and log(1+ δgal) for the three separate fields targeted by VUDS (ECDFS: small
green squares, CFHTLS-D1: light blue triangles, COSMOS: large red diamonds). The redshift range imposed on the plotted galaxies is shown in
the top left. Area-normalized histograms for the three fields for both parameters are shown on the side of the plot. The three fields show generally
similar distributions in both parameters, with a slight excess of galaxies at higher log(1 + δgal) observed in COSMOS and ECDFS.
the difference was perhaps astrophysical or due to a subtlety in
the VMCmap-making process, e.g., different tracer populations,
slightly different masking, the size of the field relative to the size
of large scale structure. Therefore, we decided not to apply cor-
rections for this effect. As for the correction we made for the
physical parameters in the previous section, we note here that
the main results of this study are broadly invariant to whether
or not we make a bulk correction for the differing log(1 + δgal)
values.
2.5. Representativeness of the Spectral Sample
In Figure 3 we show the rest-frame MNUV−Mr vs. Mr−MJ color-
color diagram (CCD) of all galaxies in the range 2 ≤ zspec ≤ 5
that are selected by an observed-frame NIR magnitude cut (see
§2.4 for details on this cut for each field). Additionally, for
this exercise we impose rest-frame color and stellar mass cuts
to the sample of MNUV − Mr ≥ −1 and log(M∗/M⊙) ≥ 9.
These additional color and stellar mass cuts retain the vast ma-
jority (> 90%) of the galaxies in the final spectral sample and
are imposed because our imaging data is likely severely incom-
plete outside of these limits. Overplotted on this figure is the
delineation line between regions which generally contain quies-
cent and star-forming galaxies. These regions are adopted from
the regions estimated in Lemaux et al. (2014b) for galaxies in
the redshift range 2 ≤ z < 4. The rest-frame colors of the
galaxies in the full spectral sample are generally consistent with
those of star-forming galaxies with minimal levels of extinction
(Av < 1.5).
That the majority of the galaxies in the final spectral sam-
ple appear at these rest-frame colors is perhaps problematic
for leveraging this study into a general study of galaxy evolu-
tion. Though quiescent galaxies are by far a sub-dominant pop-
ulation over the redshift and stellar mass ranges plotted (e.g.,
Ilbert et al. 2013; Muzzin et al. 2013; Tomczak et al. 2014), such
galaxies are observed to exist over this redshift range (e.g.,
Gobat et al. 2011; Cassata et al. 2013; Newman et al. 2014;
Wang et al. 2016, 2018). Further, dusty star-forming galaxies,
galaxies that are essentially completely absent from the spec-
tral sample, also contribute to the overall galaxy population
at these redshifts, particularly at the highest stellar masses
(e.g., Casey et al. 2014; Lemaux et al. 2014b; Casey et al. 2015;
Smolcˇic´ et al. 2017a,b). The contributions of each of these two
populations will be considered separately when we investigate
the SFR− log(1+ δgal) relation in earnest later in the paper. For
now we consider only the question of whether or not the final
VUDS+ spectral sample can be considered representative of the
full population of non-dusty star-forming galaxies at 2 ≤ z ≤ 5,
a population that comprises the vast majority of the galaxy pop-
ulation in the early universe.
In Figure 4 we show a MNUV −Mr vs.M∗ color-stellar mass
diagram (CSMD). In the left panel of this figure, we show the
density of the same spectral sample as was shown in Figure 3
in color-stellar mass phase space. The right panel of this figure
compares this spectral sample with the underlying sample of ob-
jects in the same zphot range that are significantly detected in
the NIR image appropriate for that field. In both cases we limit
the sample to log(M∗/M⊙) ≥ 9 and excise any galaxies with
secure spectral redshifts that are outside the range considered
here (2 ≤ z ≤ 5). Again, this stellar mass limit is imposed as
our imaging data is likely severely incomplete below this limit,
which precludes our ability to do the tests that follow.We choose
to agnostically include galaxies below this stellar mass limit in
our main analysis as, due to the lack of imaging depth, we cannot
definitively prove or disprove whether the spectral sample below
this limit is representative. However, the vast majority of galax-
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Fig. 3. Rest-frame MNUV − Mr vs. Mr − MJ color-color diagram (CCD)
of the galaxies in the final spectral sample that satisfy the stellar mass,
redshift, and MNUV − Mr limits given in the top left as well as the
observed-frame NIR photometric cuts mentioned in §2.4. A color bar
on the bottom right indicates the color which corresponds to the num-
ber of galaxies in each two-dimensional bin. The black lines delineate
color-color regions that are inhabited by quiescent (top left) and star-
forming (bottom) galaxies adopted from regions defined for a sample in
a similar redshift in Lemaux et al. (2014b). The sample shown here is
primarily comprised of star-forming galaxies containing low to moder-
ate amounts of dust.
ies in our zspec sample are above this stellar mass limit, and our
results do not change meaningfully if we instead exclude zspec
galaxies below this limit in all subsequent analysis.
While the left panel of Figure 4 shows the number of galaxies
in a given two-dimensional color/stellar mass bin, in the right
panel the color bar indicates the fraction of zphot objects in each
bin that have a secure zspec. For objects in the MNUV − Mr and
M∗ range used to select the final spectral sample it is apparent
that >∼5% of objects in each color/stellar mass bin have a secure
zspec except for those objects redder than MNUV − Mr >∼ 3.5,
colors that are generally reserved for quiescent and dusty star-
forming galaxies. The area normalized histograms for the zphot
and the final spectral sample appear to show a high degree of
concordance, with deviations in the one-dimensional histograms
observed at the lowest stellar masses plotted.
However, there is a clear selection effect present in the two-
dimensional plot in which galaxies of redder colors have zspec
fractions lower than those of their bluer counterparts at a given
stellar mass. While it is apparent from comparing the left and
right panels of Figure 4 that the bulk of the galaxies within
the spectral sample reside at intermediate rest-frame colors at
a given M∗, it is still possible that the over-representation of
bluer galaxies at a given M∗ could subtlety bias our investiga-
tion of the relationship between SFR and δgal. As we will show
in Appendix C, this is likely not the case, as homogenizing the
zspec fraction for all color-M∗ that are reasonably well sampled
(see Appendix C for the precise definition of this term), yields
results which are broadly unchanged from those using the full
spectral sample. Additionally, we will show in §3 that our results
are largely invariant when including the possible contribution of
quiescent and dusty star-forming galaxies. Thus, we conclude
that the lack of representativeness of our spectral sample does
not meaningfully bias any of the results presented in this paper.
3. The Evolution of the SFR-Density Relation
In the previous sections we have defined a sample of 6730 unique
galaxies in the redshift range 2 < zspec < 5 with estimates ofM∗,
SFR, and local environment, log(1 + δgal). For the remainder
of the paper, we investigate the relationship of these parameters
and the consequences of those relationships for environmentally-
driven galaxy evolution in the early universe. The galaxies in our
final spectral sample, while not strictly representative of low- to
moderately-dusty star-forming population at these redshifts, do
not appear different from such galaxies in any way that is mean-
ingful for the results that follow (see Appendix C). Addition-
ally, while quiescent and dusty star-forming galaxies are almost
completely absent from this sample, we will show later that our
main conclusions are robust to their absence. With those caveats
in place, we begin by investigating the general relationship be-
tween SFR,M∗, and log(1 + δgal) in our final spectral sample.
3.1. The General SFR-Density andM∗-Density Relations at
High Redshift
In the left panel of Figure 5 we plot the relationship between
SFR and log(1+δgal) for the 6730 galaxies in our final VUDS+
sample over the full redshift range of the sample, 2 < z < 5. The
coloredSFR and log(1+δgal) points are plotted against the back-
drop of the individual values for the full sample indicate the me-
dianSFR in bins of log(1+δgal). The errors associated with each
median value are calculated by the normalized median of the ab-
solute deviations σNMAD/
√
n − 1 of the individual SFR values
of each bin, where n is the number of galaxies in each bin (see
Lemaux et al. 2018 and references therein for details on this er-
ror estimate). In addition, three different regions are demarcated
in the plot, a Field region, defined as log(1+δgal) < 0.22, an Inter-
mediate region, defined as 0.22 ≤ log(1+δgal) < 0.55, and a Peak
region, defined as log(1 + δgal) ≥ 0.55. The latter two of these
regions are set to correspond to the outskirts and peak regions of
the Hyperion proto-supercluster defined in Cucciati et al. (2018),
and can more generally be thought of as the outskirts and the
core region of the protocluster environment10.
In stark contrast to what is observed at lower redshifts (z <
2), there exists a clear, nearly monotonic increase in the average
SFR with increasing log(1 + δgal). This increase is observed to
be ∼0.3 dex in SFR over the full dynamic range of log(1+ δgal)
probed by the sample (−0.3 ≤ log(1 + δgal) ≤ 1). This relation
is also plotted for the sub-samples that are drawn from the three
individual fields and mirrors the behavior of the full VUDS+
sample without exception. The consistency of the relation across
all three fields is important to lend credence to these results. To
further formalize this result, we calculated the Spearman rank
correlation coefficient, ρ, between SFR and log(1+ δgal) for the
full VUDS+ sample, finding ρSF R−δgal = 0.13, which indicates a
weak but highly significant positive correlation, with a rejection
10 The term core can be a little deceptive here as such regions can still
be quite large, e.g., Rpro j = 0.5 − 1 Mpc (Cucciati et al. 2018), values
that rival Rvir values of massive clusters at z ∼ 1 (e.g., Lemaux et al.
2012).
Article number, page 8 of 22
B. C. Lemaux et al.: The Reversal of the SFR-Density Relation
        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
        
        
All VUDS+ Fields
Obs. Frame NIR limited
2.00 ≤  zspec ≤ 5.00
  
 
 
0 6 12 18 24 30
Ngal
9.0 9.5 10.0 10.5 11.0 11.5 12.0 12.5
log(M∗/MO • )
 
 
 
 
 
 
VUDS+ spec-z
        
     
-1
0
1
2
3
4
5
6
M
N
U
V
-
M
r
 
 
 
 
 
 
 
 
        
 
 
 
 
 
 
 
 
Nobj = 72059
Nmin, zphot, bin = 10
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
        
        
  
 
 
0.00 0.05 0.10 0.15 0.20 0.25 0.30
fspec-z
9.0 9.5 10.0 10.5 11.0 11.5 12.0 12.5
log(M∗/MO • )
 
 
 
 
 
 
VUDS+ spec-z
VUDS+ photo-z
        
     
-1
0
1
2
3
4
5
6
M
N
U
V
-
M
r
 
 
 
 
 
 
 
 
Fig. 4. Left: Rest-frame color-stellar mass (CSMD) of an observed-frame NIR-selected sample of objects across all three VUDS fields in the range
2 ≤ zspec ≤ 5 that have a secure spectroscopic redshift. The color bar indicates the number of galaxies within each narrow color and stellar mass
bin. Area-normalized histograms of color and stellar mass for the VUDS+ zspec sample are shown on the sides of the plot. Right: Same as the left
panel, except the color bar now indicates the fraction of zphot objects in each color and stellar mass bin that have secure spectral redshifts. The total
number of photometric objects and the number of photometric objects required to fall in a two-dimensional bin in order for that bin to be plotted
are indicated in the top left. Area normalized histograms of the full zphot and VUDS+ zspec sample are shown on the sides of the plot.
of the null hypothesis of lack of correlation between the two vari-
ables at the ∼ 10σ level. Note that the Spearman coefficient was
calculated on the individual data points in the full VUDS+ sam-
ple rather than the values in the binned data points shown in Fig-
ure 5. This coefficient was also calculated for the COSMOS-only
sample resulting in ρSFR−δgal = 0.15 at only a slightly reduced
significance. Within the VUDS+ data there is a clear reversal of
the SFR−Density (hereafter SFR − δgal) relation.
While it is tempting to interpret the result in the VUDS+
sample as an indication of the global reversal of the SFR − δgal
relation at z > 2, a few considerations are necessary to test
the veracity of this result. As mentioned in §2.5, the VUDS+
sample is nearly completely devoid of galaxies at the two ex-
treme ends of the SFR spectrum: those that have ended their
star-formation activity (i.e., quiescent) and those forming stars
prodigiously (i.e., extremely obscured dusty star-forming galax-
ies). These galaxy populations are known to be associated with
at least some overdensities at these redshifts (e.g., Kodama et al.
2007; Gobat et al. 2011; Casey et al. 2015; Wang et al. 2016;
Smolcˇic´ et al. 2017a). To incorporate the potential effects of such
galaxies in the SFR − δgal relation, we began by estimating the
percentage of each of the two galaxy populations that should ex-
ist in a truly representative sample limited at log(M∗/M⊙) > 9.
Starting with the COSMOS2015 catalog, objects were selected
in the photometric range 2 < zphot < 5 and, as in our final spec-
tral sample, limited to log(M∗/M⊙) > 9 and [3.6]<25.3. The
COSMOS2015 catalog is chosen because it is the deepest of our
three photometric catalogs. The percentage of quiescent galaxies
in this sample was estimated by counting the number of galax-
ies that populated the quiescent region of rest-frame NUVrJ
color-color as defined by Lemaux et al. (2014b). For dusty star-
forming galaxies, we estimated their fractional contribution by
counting the number of objects that had rest-frame NUVrJ col-
ors which indicate an excess extinction of AV ≥ 1.5 relative to
the average COSMOS2015 object at these redshifts, which is
characterized by median NUV − r and r − J colors of 1.06 and
0.33, respectively. The fractional contribution of quiescent and
dusty star-forming galaxies were found to be 0.8% and 4.2%,
respectively.
While these are modest fractions in both cases, both pop-
ulations lie at extreme values of SFR, so their contribution is
necessary to quantify. In addition, the detection image used for
the COSMOS2015 catalog was chosen to be a z++YJHK χ2 im-
age rather than the [3.6] image (see Laigle et al. 2016 for de-
tails). As a consequence, a small number of dusty, and there-
fore very red, highly star-forming galaxies at high redshift may
be missing from the COSMOS2015 catalog even if they satisfy
our adopted limiting magnitude in the [3.6] band (G. Zamorani,
private communication). As such, their contribution may be un-
derestimated here. Regardless, the results presented in this paper
do not change if the fractional contribution of such galaxies is
increased by a factor of two.
Following the determination of the fractional contribution of
underrepresented populations in our VUDS+ sample, a Monte-
Carlo simulation was run in the following manner. For each of
the 1000 iterations of the simulation, SFR and log(1+ δgal) val-
ues were re-calculated for each of the galaxies in the VUDS+
sample by Gaussian sampling their associated uncertainties. To
this, the appropriate number of quiescent and dusty star-forming
galaxies were added, ∼50 and ∼300, respectively, at random
overdensity values taken from the VUDS+ log(1 + δgal) dis-
tribution. Each quiescent galaxy was assigned an SFR = 0.
Each dusty star-forming galaxy was assigned a SFR statistically
by sampling from a log(S FR/M⊙/yr) distribution with a mean
of 3.25 and a σ = 0.12. Such values are appropriate for this
galaxy population at these redshifts (e.g., Lemaux et al. 2014b;
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Fig. 5. Left: Relationship between SFR and log(1 + δgal) for the 6730 galaxies in the VUDS+ spectroscopic sample. The backdrop shows the
number density at a given SFR and log(1 + δgal) value for all galaxies in the sample and the light blue, green, red, and dark blue datapoints
and lines show median values in each bin in log(1 + δgal) for galaxies in the CFHTLS-D1, ECDFS, COSMOS, and the full combined VUDS+
sample, respectively. Uncertainties reflect errors on the median values. The vertical dashed lines indicate the “Intermediate" and “Peak" regions of
the log(1 + δgal) distributions (see §3.1), with all values lower than log(1 + δgal) = 0.22 being considered “Field" galaxies. The VUDS+ sample
is allowed to cover a larger dyanamic range in log(1 + δgal) due to the increased sample size. A weak but highly significant positive correlation
is observed (see §3.1). Right: As in the left panel, but now plotted for stellar mass (M∗) and log(1 + δgal). Again, a weak but highly significant
positive correlation is observed betweenM∗ and log(1 + δgal)
.
Smolcˇic´ et al. 2017a). For each of the 1000 iterations, the Spear-
man correlation coefficient was calculated as well as the signif-
icance of the rejection of the null hypothesis of no correlation.
A weak (ρ˜SFR−δgal = 0.08) but still highly significant (∼8.5σ on
median) positive correlation between SFR and log(1+δgal) was
found over all iterations, with no iterations returning a signifi-
cance of <6σ.
As mentioned earlier, however, there are some hints that such
galaxy populations are found to be associated with overdense en-
vironments at high redshift (e.g., Kubo et al. 2013; Wang et al.
2016; Smolcˇic´ et al. 2017a; Miller et al. 2018; Strazzullo et al.
2018; Shi et al. 2019, 2020; Hill et al. 2020). As such, we re-
peated this exercise by sampling only from log(1 + δgal) values
from those VUDS+ galaxies found in non-field environments,
i.e., either the Intermediate or Peak regions as defined earlier in
this section. Since dusty star-forming galaxies outnumber qui-
escent galaxies by a factor of approximately six in this simu-
lation, forcing these populations to reside in overdense regions
only serves to increase both the strength and significance of the
observed positive correlation between SFR and δgal. As these
tests account for the full range of the effect of measurement er-
rors, and, in conjunction with those tests given in Appendix C,
account for the effect of galaxy populations missing in our data,
we conclude the reversal of the SFR − δgal relation observed in
the VUDS+ sample is a real feature of the galaxy population in
the early universe.
3.2. Stellar Mass and Redshift Effects on the SFR − δgal
Relation
Plotted in the right panel of Figure 5 is the equivalent relation
between M∗ and log(1 + δgal). As in its SFR equivalent, a
steady, nearly monotonic increase inM∗ and log(1 + δgal) is ob-
served at about the same level (∼0.3 dex) as that of the SFR
over the same dynamic range in local environments. The Spear-
man’s correlation coefficient is essentially equivalent to that cal-
culated for SFR, ρM∗−δgal = 0.15, as is the significance of the
positive correlation (>> 3σ). Because the star-forming proper-
ties of galaxies are known to correlate in some way with stellar
mass, as well as redshift and environment (e.g., Tomczak et al.
2016, 2019; Lemaux 2019), the level of concordance of the
M∗ − δgal and SFR − δgal relations seen in the VUDS+ sam-
ple suggests that stellar mass effects may be primarily respon-
sible for driving the observed SFR − δgal relation. In other
words, higher stellar mass star-forming galaxies are preferen-
tially situated in high-density environments in the VUDS+ sam-
ple. That these higher stellar mass star-forming galaxies, whether
through an increased gas supply or a higher star-forming effi-
ciency (e.g., Schinnerer et al. 2016; Scoville et al. 2016, 2017;
Wang et al. 2018), have, on average, higher SFR values (e.g.,
Rodighiero et al. 2014; Tasca et al. 2015; Tomczak et al. 2016),
could explain the observedSFR−δgal relation. Such an explana-
tion is still wanting in that the increased presence of higher-M∗
in higher-density environments has to be accounted for by some
process acting at earlier times, but it at least could potentially
explain the increase in SFR with increasing log(1 + δgal).
In the left panel of Figure 6 is plotted SFR vs. log(1 + δgal)
in three different bins of stellar mass defined as low-, mid-, and
Article number, page 10 of 22
B. C. Lemaux et al.: The Reversal of the SFR-Density Relation
VUDS+ All Fields SFR-Density 2 < z < 5
-0.2 0.0 0.2 0.4 0.6 0.8 1.0
log(1+δgal)
1.0
1.5
2.0
lo
g(S
FR
SE
D
/M
 O • 
yr
-
1 )
       
 
 
 
Intermediate
Region
Peak
Region
log(M∗/MO •) < 9.5
9.5 ≤ log(M∗/MO •) < 10.0
log(M∗/MO •) ≥ 10.0
Star-forming Galaxies Only
-7 -6 -5 -4 -3 -2 -1 0
log(Likelihood of No SFR-δgal Correlation)
0
50
100
150
200
N
um
be
r o
f t
ria
ls
low-M∗ (9.0 ≤ log(M∗/MO • ) < 9.5)
mid-M∗ (9.5 ≤ log(M∗/MO • ) < 10.0)
high-M∗ (log(M∗/MO • ) > 10.0)
        
        
 
 
 
 
 
 
 
 
 
 
Fig. 6. Left: As in the left panel of Figure 5, the SFR-δgal relation for our final VUDS+ sample, but now with galaxies broken up into three
approximately equally-sized samples binned in stellar mass using the limits indicated at the bottom right of the panel. The points and their
associated uncertainties have the same meaning as in Figure 5. The solid vertical lines and their meanings are the same as in Figure 5. A weak
but significant positive correlation between SFR and log(1 + δgal) is seen in the two lower mass bins. A stronger and equally significant positive
correlation is seen for the highest stellar mass galaxies and is especially apparent in the Peak Region. Right: Distribution of the logarithmic value
of the likelihood of no correlation between SFR and log(1 + δgal) of our final spectral sample for the three different stellar mass bins used in our
analysis for the full redshift range 2 ≤ z ≤ 5. This distribution is calculated from 1000 Monte Carlo realization in which we perturb each SFR and
log(1 + δgal) value by their associated errors. These histograms do not meaningfully change if we additionally include dusty star-forming galaxies
with high rates of SFR and galaxies with no active star formation, both of which are completely missed in our sample, at proportions appropriate
for their number density at 2 ≤ z ≤ 5 in our Monte Carlo simulations. For reference, a log(likelihood)<-2.5 corresponds to a positive correlation
between the two parameters estimated at ≥3σ confidence level.
high-M∗ by the stellar mass ranges indicated in the bottom left
of that plot. In all three cases a significant positive correlation,
as quantified by a Spearman’s test, is observed, with ρSFR−δgal
ranging from 0.08-0.09 depending on the bin and a > 3.5σ re-
jection of the null hypothesis in each bin. This trend is rela-
tively weak for the two lowest stellar mass bins, while slightly
stronger for the galaxies in our sample that are the most mas-
sive in their stellar content. Note that these statements hold if
we instead restrict the highest stellar mass bin to the stellar
mass range 10 ≤ log(M∗/M⊙) ≤ 10.5 to remove any resid-
ual stellar mass-driven trends due to the wideness of that bin.
As was done in §3.1, the reliability of these trends were tested
by running a Monte-Carlo simulation for each of the three sam-
ples. Because the stellar mass distribution of quiescent and dusty
star-forming galaxies is not known, in this simulation we ig-
nore their fractional contribution and only vary the SFR and
log(1 + δgal) of observed VUDS+ galaxies based on their for-
mal uncertainties. However, this analysis is not meaningfully
changed if we include their contribution equally across all M∗
bins, or, since both galaxy populations are almost certainly some
of the most massive at these redshifts (see, e.g., Casey et al.
2014; Tomczak et al. 2014 and references therein), exclusively
limit them to the higher-M∗ bins. Plotted in the right panel of
Figure 6 is the distribution of the probability of the null hy-
pothesis that SFR and log(1 + δgal) are uncorrelated being cor-
rect for each of the three stellar mass samples across the 1000
Monte-Carlo iterations. For the vast majority of the iterations
(∼ 80−90%) for the low- and high-M∗ bins, a significant (> 3σ,
log(Likelihood) < −2.5) positive correlation between SFR and
log(1+δgal) is observed. For the mid-M∗ bin, the trend is weaker,
though ∼50% of the iterations still return a significantly positive
SFR− δgal correlation. It appears that even at fixed stellar mass,
environmental effects serve to drive an increase in star formation
in higher density environments. Additionally, whatever this ef-
fect, it appears to be most effective on high-M∗ galaxies, as such
galaxies increase their SFR by a factor of > 3× from the lowest
to the highest densities.
In order to investigate the possible redshift evolution of the
SFR − δgal relation, in the two panels of Figure 7 we show the
same plot as was shown in the left panel of Figure 5 but now
in two redshift bins. The lower-z bin is defined as 2 ≤ z ≤ 2.7
and the higher-z bin as 2.7 < z ≤ 5. These redshift ranges cut
the sample approximately in half, allowing each bin to have con-
siderable statistical power. Immediate differences can be seen
between the two samples. In the lower-z bin, while the median
SFR is seen to gently increase with increasing log(1 + δgal) in
the Field and Intermediate regions, a turnover is observed in the
Peak region which is strong enough to decrease the SFR in
the highest-log(1 + δgal) bin to a value that is statistically in-
distinguishable (i.e., at a difference of < 1σ) with that of the
lowest-log(1 + δgal) bin. Conversely, the increase in SFR with
log(1 + δgal) persists through the Peak region in the higher-z
bin. While the correlation coefficient is not appreciably differ-
ent between the two redshift bins (ρSFR−δgal=0.13 and 0.14 in
the lower- and higher-z bins, respectively), the differences are
significant when considering the Intermediate and Peak regions.
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Fig. 7. Identical to the left panel of Figure 5 except now the VUDS+ sample is broken up into two redshift bins with approximately equal numbers
of galaxies. The meaning of the points and their associated uncertainties are identical to those in Figure 5 as are the meanings of the vertical lines.
As in Figure 5, the SFR−δgal for all three VUDS+ fields are shown along with the combined sample. The left panel shows the SFR−δgal relation
for the lower redshift sample (2.0 ≤ z ≤ 2.7) and the right panel shows the relation for the higher redshift sample (2.7 < z ≤ 5.0). The average
stellar mass of each sample is given in the top-right portion of each panel and is effectively identical between the two samples. While a significant
positive correlation between SFR − δgal exists in the lower redshift sample, this correlation disappears when considering only galaxies in the
Intermediate and Peak regions. In contrast, in the higher redshift bin, the significant positive correlation is seen at all environments and increases
in strength in the densest regions.
For galaxies with log(1+ δgal) > 0.22, no significant SFR− δgal
relation exists at 2.0 ≤ z ≤ 2.7 (ρSFR−δgal = 0.04 with a rejec-
tion of the null hypothesis of no correlation at < 2σ). While a
flat relation is still considerably different from the negative cor-
relation observed at lower-z (i.e., z < 2), galaxies in the higher-
z bin exhibit a dramatic and significant increase in their SFR
with increasing log(1 + δgal) in the Intermediate and Peak re-
gions (ρSFR−δgal = 0.17, >> 3σ). These results combined with
the previous results binned by stellar mass imply that it is primar-
ily higher stellar mass, higher redshift galaxies that are driving
the global reversal of the SFR − δgal at these redshifts.
Some caution in extrapolating these results is necessary,
however.While galaxies in the Intermediate region of the higher-
z bin are drawn from a variety of different structures, a consid-
erable fraction of the galaxies in the Peak region are members
of PCl J1001+0220 at z ∼ 4.57 in the COSMOS field. Even
so, this trend does persist at a similar significance and strength
even after excising the members of PCl J1001+0220. Addition-
ally, it is clear from the right panel of Figure 7 that this trend
is also present in the CFHTLS-D1 and ECDFS fields. However,
the number of galaxies in the peak region across all fields af-
ter excising the PCl J1001+0220 members is sufficiently small
(∼60 galaxies) to make sample variance a concern. Further data,
both in PCl J1001+0220, and in structures at similar redshifts
across the VUDS fields, will be necessary to see if such trends
are general or isolated to a particular system or small set of
proto-structures.
Finally, we perform two tests in an attempt to further sepa-
rate out the effects of stellar mass and redshift from those of en-
vironment in driving the SFR − δgal relation. The first of these
tests is a Spearman’s partial rank correlation test, which is a for-
malism designed to estimate the strength and significance of the
correlation between two variables after removing the contribu-
tion of other variables to the observed correlation. In this case,
we are interested in computing the correlation between SFR
and log(1 + δgal) after removing the effects of M∗ and z. The
calculation that follows adopts the Spearman’s partial rank cor-
relation methodology described in Macklin (1982), in which it
was shown that this test is efficient for the purpose of separating
out the effect of different variables in inducing observed corre-
lations. The Spearman’s partial rank coefficient, ρp, for SFR
and log(1 + δgal) was calculated to be ρp,SFR−δgal = 0.07 with a
significance of ∼ 6σ. In other words, while the strength of the
SFR-δgal correlation has depreciated by approximately 50% af-
ter taking into account the correlation between both M∗ and z
and SFR, though mostly the former, the correlation between
SFR-δgal still remains extremely significant. Incidentally, the
same is true if the sample is confined to only those galaxies in
the COSMOS field, though at a significance of ∼4σ.
The result of the second test is shown in Figure 8. In this
test, galaxies are divided into 10 equally-populated bins11 in
log(1 + δgal) and forced to have the same median stellar mass
and redshift across all bins to within the uncertainties of the me-
dian values in each bin. For each bin, galaxies at the extreme
low end of the stellar mass distribution, but still always with
log(M∗/M⊙) > 9, and the extreme high end of the redshift dis-
tribution were removed until the median values in each bin con-
verged, within their associated uncertainties, to the values shown
11 The bins representing the lower and upper 10% of the log(1 + δgal)
distribution were cut in half for illustrative purposes. This choice does
not affect our analysis, which is performed on the individual galaxies in
the clipped sample.
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Fig. 8. Relationship between SFR and log(1 + δgal) for a stellar-mass-
and redshift-matched sample of galaxies. Each bin in log(1 + δgal) orig-
inally contained 10% of the final VUDS+ sample. Galaxies in each
decile were clipped in order to have the same median redshift and stel-
lar mass within the uncertainties with every other decile. The bins in the
lower and upper decile of the log(1 + δgal) distribution were cut in half
for illustrative purposes. The approximate median stellar mass and red-
shift of all bins is indicated in the top right and the number of galaxies
remaining in the sample indicated in the top left. The data points and
their associated uncertainties were calculated in the same way as Fig-
ure 5. In the top right of the plot the Spearman’s correlation coefficient
for this sample and the likelihood of no correlation are shown. Despite
normalizing by stellar mass and redshift, a weak but significant positive
SFR − δgal trend is observed.
in the top right of Figure 8. The median value of the SFR for
each log(1 + δgal) is overplotted against the backdrop of the in-
dividual measurements of the ∼5700 galaxies that remain in the
M∗/z-matched sample. Also shown in the top right of Figure
8 is ρSFR−δgal for the M∗/z-matched sample and the probabil-
ity of the null hypothesis of no correlation between SFR and
log(1 + δgal). It appears that regardless of how the data are ana-
lyzed, there is a weak but highly significant positive correlation
between SFR − δgal and that at least some part of that trend is
driven by environmental effects.
3.3. Comparison of the Observed SFR − δgal Relation to
Other Works
While a rigorous comparison of the observed VUDS+ SFR −
δgal relation and those predicted in simulations is deferred to fu-
ture work, we take here a few points of comparison. The first
point of comparison relies on Elbaz et al. (2007), who used light
cones generated by Kitzbichler & White (2007) to estimate the
SFR − δgal predicted at different redshifts from the Millennium
simulation (Springel et al. 2005) as interpreted through the lens
of the semi-analytic model of Croton et al. (2006). This predic-
tion showed an increase of ∼0.25 dex at both z ∼ 2 and z ∼ 3
from the most rarefied to densest environments measured in the
simulation. While the SFRs as measured in the VUDS+ sample
are offset higher from these predictions by ∼ 0.1−0.2 dex across
all environments, likely due to some combination of differing
redshift ranges, ranges ofSFRs andM∗ probed, and differences
in the assumed properties of the models used to infer physical
properties, the magnitude of the increase in the average SFR
across the full density range measured in the VUDS+ sample
is essentially identical to that predicted in the Millennium sim-
ulation. Such behavior was also predicted in the N−body sim-
ulations of De Lucia et al. (2004). Using semi-analytic prescrip-
tions to estimate star formation rates of cluster and field galaxies,
De Lucia et al. (2004) predicted the reversal of the SFR − δgal
relation at z ∼ 2.5, with the normalized average rate of star pro-
duction of cluster galaxy outpacing field galaxies by ∼0.2 dex in
the redshift range corresponding to the higher redshift portion of
our sample (2.7 ≤ z ≤ 5). More recently, similar behavior was
also seen in Hwang et al. (2019), where the predictions of the
SFR − δgal from the TNG300 run of the IllustrisTNG project
(Nelson et al. 2019) were investigated. While this investigation
is only performed over the redshift range 0 ≤ z ≤ 2, a range
which just barely intersects with that of the VUDS+ sample, at
z = 2, a ∼0.3 dex increase in the average SFR is seen from the
lowest to highest density environments for a sample of galax-
ies with comparableM∗ values to those in the VUDS+ sample.
Again, while the VUDS+ galaxies appear to be biased to slightly
higher SFRs across all redshifts, the magnitude of the increase
in the average SFR across the full dynamic range of environ-
ments in the VUDS+ sample across the full redshift range is es-
sentially identical to that observed in the TNG300 simulations.
Our results are also qualitatively consistent with predictions
of updated semi-analytic models applied to the Millennium sim-
ulation (Chiang et al. 2017), in which the volume-averaged star-
formation activity within proto-cluster environments, i.e., those
regions corresponding to our Intermediate and Peak regions, is
predicted to well outpace that of the field at z > 2. Other simu-
lations which suggest a strong reversal at later epochs (z ∼ 1,
Tonnesen & Cen 2014) are qualitatively inconsistent with our
results, especially the flattening in the SFR − δgal observed in
the lower-redshift portion of our data (see §3.2). Such a reversal
globally persisting to z ∼ 1 is also ruled out by the observed anti-
correlation between SFR − δgal and the fractional increase of
quiescent galaxies in dense environments seen in large surveys
of z ∼ 1 clusters and groups (e.g., Lemaux 2019; Tomczak et al.
2019). Future work involving more comprehensive comparisons
to these and other cosmological simulations will be extremely
helpful to inform the mechanisms that drive this reversal at z >∼ 2.
From an observational perspective, of note is the stark con-
trast of the observed SFR − δgal relation in the VUDS+ sam-
ple to that observed in Chartab et al. (2020) the five CANDELS
fields12. In that study, a clear negative correlation was observed
between SFR and δgal across the entire redshift range running
from 0.4 ≤ z < 3.5 over a similar range of local overdensities as
was probed in our study. Though nearly identical methodologies
were used to estimate SFRs in the two studies, the differences
in the size of the sample, the metric of environment, the spectro-
scopic selection method, and the inclusion of photometrically-
selected galaxies in their sample make the genesis for the differ-
entSFR−δgal behavior difficult to isolate. It is possible that cos-
mic variance effects could explain at least some of the observed
difference, as the combined areal size of the CANDELS fields is
approximately an order of magnitude smaller than area probed in
our study. Additionally, the consideration that the strength of the
12 Two of the CANDELS fields, GOODS-S and COSMOS, are covered
in the VUDS+ sample
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observed SFR − δgal correlation decreases in the lower-redshift
portion of our sample serves to further alleviate this tension.
3.4. Interpreting the Reversal of the SFR − δgal Relation
We have shown in the previous sections that the reversal of the
SFR−δgal in the redshift range 2 < z < 5 for VUDS+ galaxies is
real and that these results are very likely applicable to the general
population of log(M∗/M⊙) > 9 galaxies at these redshifts. We
further showed that the average SFR of VUDS+ galaxies has a
complicated relationship with stellar mass, redshift, and galaxy
environment. Such definitive results were possible only by the
immense spectroscopic dataset compiled here as well as the sup-
porting ancillary data and methodologies that allowed for accu-
rate and precise estimates of each of these parameters. Given
the weakness of the trends observed in the data and their large
dispersion, a smaller sample size of ∼1000 galaxies with spec-
troscopic redshifts, if sampled representatively from the galaxy
sample observed here, would not yield sufficiently confident re-
jections (> 3σ) of the null hypothesis of lack of correlation for
many of the interdependencies seen here.
In this section we attempt to leverage these interdependen-
cies to speculate on the possible mechanisms that drive the mea-
sured decrease in the positive correlation between SFR − δgal
from the higher- to the lower-redshift bin. Several mechanisms
present themselves as possible explanations for the observed be-
havior. For this discussion we will assume that the overdense
structures probed and their constituent galaxies in the higher-
redshift bins are possible progenitors of those observed in the
lower-redshift bin. This may or may not be a valid assumption
and will eventually need to be verified by the use of simula-
tions (e.g., Ascaso et al. 2014) and semi-empirical models (e.g.,
Tomczak et al. 2017). Given the large number of galaxies in the
VUDS+ sample and the large number of structures probed, it is
likely there is at least some level of truth to this assumption. Ad-
ditionally, we again note that a considerable fraction (∼50%) of
the high-δgal, high-M∗ galaxies in the higher-redshift bin belong
to the z ∼ 4.57 PCl J1001+0220 proto-cluster, and, thus, sample
variance effects may be considerable. Future observations from
the C3VO survey with Keck/DEIMOS and Keck/MOSFIRE of
the most massive proto-clusters detected in VUDS across the
full redshift range studied here will be crucial to determining
the level of this effect. Additional future wide-field observations
from instruments such as the Subaru Prime Focus Spectrograph
(PFS; Sugai et al. 2012), the Multi Object Optical and Near-
infrared Spectrograph (MOONS; Cirasuolo et al. 2014) on the
VLT, or dedicated observations of specific proto-clusters with
the James Webb Space Telescope (JWST, Gardner et al. 2006)
will mitigate sample variance effects and immensely aid in the
calibration of various physical parameters.
Putting aside the above concerns, it appears that high-M∗
galaxies in the densest environments in the higher-redshift bin
are primarily driving the reversal of the SFR−δgal relation. This
is in stark contrast to the demographics of higher-M∗ group and
cluster galaxies in the low- and intermediate-redshift universe
(i.e., 0 ≤ z ≤ 1.5) where such galaxies broadly exhibit higher
quiescent fractions and have average star formation rates that
are lower than their lower-M∗ counterparts (see, e.g., Lemaux
2019; Tomczak et al. 2019 and references therein). This dra-
matic change over the course of several Gyr is likely the result
of multiple processes present in high-density environments that
serve to both enhance star formation activity at higher redshift
and quench it at lower redshifts. In what follows, we explore
the possible effect of these processes and review potential con-
straints on these processes from our own data as well as various
studies from the literature.
3.4.1. Gas Fraction and the SFR − δgal Relation
It has been well established by observations of large sam-
ples of galaxies, primarily with the Atacama Large Millime-
ter/submillimeter Array (ALMA) and the Plateau de Bure mil-
limetre Interferometer (PdBI), that the fraction of gas mass
to total baryonic mass (µgas) is a strong function of red-
shift, with galaxies exhibiting lower µgas values at fixed stel-
lar mass with decreasing redshift (see, e.g., Genzel et al. 2015;
Schinnerer et al. 2016; Scoville et al. 2016, 2017). Adopting the
formalism of Scoville et al. (2017), µgas is predicted to drop
by ∼10% in between the median redshift of our higher- and
lower-redshift bins, with average rates of cosmological accre-
tion (Dekel et al. 2009a,b) decreasing by more than a factor of
two. By the time the SFR − δgal relation is firmly seen as an
anti-correlation, i.e., at z ∼ 1, gas fractions have decreased, on
average, by more than 20% at fixed stellar mass and expected gas
accretion rates have declined by more than an order of magni-
tude relative to those at the median redshift of our higher-redshift
sample. At fixed star formation efficiency, such a decrease in gas
mass will lead to an overall decrease in star formation across all
environments.
However, it is reasonable to assume that environment would
modulate both the accretion rates and gas fraction of galaxies
in varying ways across different redshifts, potentially inducing
excess accretion at some redshifts and stifling or ceasing accre-
tion at other redshifts. While such evidence is sparse due to the
lack of observations of consistent samples of galaxies residing
in average- and high-density environments at all redshifts, there
have been a few hints from ALMA observations of the possible
effect of environment at different redshifts.
At the highest redshifts probed by our sample, such observa-
tions are still extremely limited. Recently, the ALMA Large Pro-
gram to Investigate C+ at Early times (ALPINE; Le Fèvre et al.
2019; Faisst et al. 2020; Bethermin et al. 2020) survey, while
primarily designed as a field survey, has begun to probe high-
density environments at 4 < z < 5. In ALPINE, several
galaxies in and around the PCl J1001+0220 proto-cluster in
the COSMOS field were observed (see, e.g., Jones et al. 2020;
Ginolfi et al. 2020a). In these observations, massive, diffuse gas
envelopes were observed to be associated with several ongo-
ing merging events within the greater proto-cluster environ-
ment. If the ambient medium has not been sufficiently heated,
likely a fair assumption at these redshifts (e.g., Overzier 2016;
Shimakawa et al. 2018b), some of this diffuse gas will likely
be (re-)captured by the remnant galaxy. If most of this gas
is retained, the resultant µgas values would likely approach
those observed in starburst galaxies (e.g., Scoville et al. 2016;
Tacconi et al. 2018 though see also Silverman et al. 2018, which
could result in the fueling of virulent star formation activity.
There also appears evidence of cold, diffuse gas in several proto-
clusters at the higher redshift range of our VUDS+ sample (e.g.,
Cucciati et al. 2014; Newman et al. 2020) that may accrete on to
galaxies as they coalesce into the proto-cluster environment (see,
e.g., Shimakawa et al. 2017, 2018b for possible evidence of such
a phenomenon). Such a process would naturally be more effec-
tive in higher stellar mass galaxies due to their larger potential
well.
At redshifts which correspond to the lower-redshift portion
of our sample, z ∼ 2 − 2.5, the gas fraction at fixed stellar
mass appears to be somewhat anti-correlated with environment,
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with lower µgas measured for at least some fraction of galax-
ies situated in denser environments (e.g., Coogan et al. 2018;
Wang et al. 2018; Zavala et al. 2019). One of the overdensities
where this trend is observed (Wang et al. 2016, 2018) is situ-
ated in the Hyperion proto-supercluster at z ∼ 2.5 (Cucciati et al.
2018), a structure which is probed as part of the sample pre-
sented here. Recent observations of the most massive proto-
cluster in Hyperion, Theia, using the NOrthern Extended Mil-
limeter Array (NOEMA) also suggest a deficit of gas among the
massive galaxies of that system, which implies this trend per-
sists to some level throughout Hyperion (Cucciati et al. in prep).
Such a deficit is also seen at lower redshifts (z ∼ 0.7; Betti et al.
2019) for galaxies in the highest-density regions of massive
group/cluster environments. If such a paucity is pervasive for
galaxies in proto-cluster environments at z ∼ 2 − 2.5, it would
help to explain the change in behavior of the SFR − δgal seen
between our higher- and lower-redshift samples. However, such
observations remain very sparse even at these redshifts, and the
opposite trend (e.g., Gómez-Guijarro et al. 2019; Tadaki et al.
2019) or a flat trend (e.g., Lee et al. 2017; Darvish et al. 2018) of
µgas with environment is also observed at these redshifts. While
it appears likely that in situ gas depletion at z <∼ 2.5 and gas en-
hancement at z >∼ 2.5 in high density environments helps to drive
the behavior of the SFR − δgal relation seen here, future work
with ALPINE and other observations from ALMA and PdBI at
these redshifts are required in order to be able to make definitive
claims.
3.4.2. Merging Activity and the SFR − δgal Relation
It has already been established that at least some of the galax-
ies in the high-redshift range of the VUDS+ sample are un-
dergoing major merging events. This evidence comes from de-
tailed observations of individual merging systems (Jones et al.
2020; Ginolfi et al. 2020a) and from a general analysis of the
PCl J1001+0220 proto-cluster, in which the VUDS members
are seen to potentially show elevated numbers of companions
(Lemaux et al. 2018). Additionally, there is evidence, at least up
to z ∼ 2 − 4, that the major merger rate broadly increases with
increasing redshift (e.g., López-Sanjuan et al. 2013; Tasca et al.
2014). Further, it has been shown that a large number of merg-
ing events in intermediate density environments, such as those
in proto-clusters, are required at high redshift to explain the
stellar mass function in group and cluster galaxies at z ∼ 1
(Tomczak et al. 2017). Given this evidence, it is possible merg-
ing activity is generally prevalent in our sample, though to a
lesser extent in the lower-redshift portion of our sample (z ∼
2.5).
The drop in merging activity from higher to lower redshift
observed in the field would likely be exacerbated in higher-
density environments due to dynamical considerations. Specif-
ically, for a given structure, the velocity dispersion of member
galaxies will increase with decreasing redshift as a result of the
concentration of mass in the forming cluster (see, e.g., Figure 4
of Cucciati et al. 2014), which will ultimately discourage merg-
ing activity in the cores of such structures at lower redshifts.
If such merging activity serves to enhance star-formation (e.g.,
Hopkins et al. 2008), it is possible that changes in the merging
rate could explain the increase in SFR seen in higher-density
environments at higher redshift and the subsequent decline to
lower redshifts as such activity begins to wane.
Considering the high-M∗ galaxies only, galaxies which are
more likely to be strongly clustered at these redshifts than their
lower-mass counterparts (see, e.g., Durkalec et al. 2018), the
median overdensity in the Peak region in the highest-redshift bin
for such galaxies is ∼5 gal/Mpc2. This translates to an average
inter-galaxy distance of ∼0.45 Mpc. For illustrative purposes, an
average velocity offset ∆v = 400 km s−1 can be assumed for
such galaxies, as this is a typical line-of-sight member veloc-
ity dispersion for member galaxies of massive proto-clusters at
these redshifts (e.g., Cucciati et al. 2014, 2018; Dey et al. 2016;
Toshikawa et al. 2020). Incorporating the median stellar mass of
the high-M∗ sample at these redshifts, log(M˜∗/M⊙) = 10.30,
the resultant average dynamical friction timescale is ∼500 Myr
(Binney & Tremaine 1987; Burke & Collins 2013). The differ-
ence in lookback times between the median redshift of galaxies
in the two redshift bins used in this paper (z = 2.34 to z = 3.13)
is ∼800 Myr in our adopted cosmology. This amount of time al-
lows for galaxies that begin merging in the higher-redshift bin to
coalesce, with several 100 Myrs after coalescence to begin the
transition to lower levels of SFR.
Following this line of thought, we consider two toy scenar-
ios. In the first we assume galaxies in the higher-mass bin have
a constant SFR of log(SFR/M⊙/yr) = 1.8, a value interme-
diate to the average SFR of high-M∗ galaxies in the lower-
and higher-redshift samples, and that such activity persists over
the time period elapsed between the two redshift bins. Adding
the resultant newly created stellar mass to the average stellar
mass of the high-M∗ galaxies in the higher-z bin, the average
merger remnant formed through merging processes which be-
gan in the higher-redshift bin approaches log(M∗/M⊙) = 11
by the redshift range of our lower-redshift bin. This stellar mass
rivals some of the most massive galaxies observed at these red-
shifts (e.g., Tomczak et al. 2014) and begins to approach the stel-
lar mass of the most massive cluster galaxies observed at inter-
mediate and low redshift (see Ascaso et al. 2014 and references
therein). Many such galaxies are still observed to be star form-
ing at z = 1 − 2, though typically at modest levels, making this a
plausible scenario for the formation of such galaxies.
If, conversely, merging galaxies in the highest-redshift bin
have already coalesced and are experiencing relatively short-
lived elevated star-formation activity as a result of this coales-
cence, they would have ∼800 Myr to begin to transition to a
more quiescent state as the result of secular or larger scale en-
vironmental processes. Such a timescale is sufficient to begin to
transition to quiescence for those galaxies whose star-formation
histories are governed by an exponential decline with a relatively
small τ value (e.g., Moutard et al. 2016). However, the lack of
an anti-correlated SFR − δgal trend for high-M∗ galaxies in the
lower-redshift end of the VUDS+ sample precludes this τ from
being too small unless they quench so rapidly as to be outside the
star-forming selection criteria of the VUDS+ spectral sample. In
this case, such a small τ would require a large number of truly
quiescent galaxies to be formed in such environments.
These two scenarios should lead to significantly different
behavior in the stellar mass function for quiescent and star-
forming galaxies as a function of both redshift and environ-
ment. Future observations from NIR spectrographs in these en-
vironments aimed at constraining the pervasiveness of high-M∗
quiescent galaxies will, when paired with datasets such as the
one presented here, allow for robust constraints on the timescale
and manner of quenching (as done in, e.g., Balogh et al. 2016;
Foltz et al. 2018; Lemaux 2019; Tomczak et al. 2019 at inter-
mediate redshifts) and the amount of merging activity in differ-
ent environments (as done in, e.g., Tomczak et al. 2017). Ad-
ditional future work on constraining the recent SFHs of galaxies
(e.g., Cassarà et al. 2016; Carnall et al. 2019; Leja et al. 2019) in
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higher density environments, especially those at high-M∗, would
be extremely useful to evaluate the likelihood of such scenarios.
Note, though, that the value quoted for the dynamical friction
timescale, a value upon which these scenarios are predicated,
should be considered a soft lower limit to the true average dy-
namical friction timescale as this estimate ought to be based on
the true volume density of such galaxies rather than the surface
density. We do not attempt a conversion here, as the true three
dimensional structure of overdense regions is masked by pecu-
liar motions. However, if the mean separation between galaxies
in the Peak region is, in reality, even only ∼50% larger, there
is little chance that galaxies, which have just begun to merge
in the highest-redshift bin, have completed this process by the
lower-redshift bin. In such a case, while star-formation activity
could naturally be enhanced by merging processes in the higher-
redshift bin, there is no natural explanation as to why such ac-
tivity would begin to depreciate in our lower-redshift bin unless
larger-scale processes begin to act while merging is still ongoing.
Future work characterizing the frequency of merging signatures
in the VUDS+ sample across different environments at fixedM∗
for those galaxies imaged with the requisite resolution and depth
to detect such signatures will be crucial to assess the veracity of
such scenarios.
3.4.3. Large Scale Processes and the SFR − δgal Relation
It is a distinct possibility, however, that larger-scale processes
may be preferentially acting on galaxies in the lower-redshift
portion of our sample. Observational evidence exists for at least
one overdensity at z ∼ 2.5 to contain a hot intracluster medium
(ICM), an overdensity that is, perhaps not coincidentally, in
our sample (Wang et al. 2016). Indeed, as mentioned earlier, in
this particular overdensity, massive galaxies toward the center
of the structure appear to be deficient in their gas content rel-
ative to galaxies near the outskirts, a deficiency that may be
due to stripping processes associated with the dense environ-
ment (Wang et al. 2018). Additionally, it appears that it might
be a general characteristic, at least of massive proto-clusters
to begin to transition from a relatively cold ICM marked by
strong absorption of neutral hydrogen (e.g., Lee et al. 2016;
Newman et al. 2020) to a gravitationally heated ICM at redshifts
that mark the boundary between our two redshift bins (Overzier
2016). Other case studies that probe representative galaxy pop-
ulations at similar redshifts also show hints that star formation
activity in the densest regions is beginning to slow, potentially
due to the presence of a hot ICM (e.g., Shimakawa et al. 2018b).
Thus, it is natural to suspect that the development and heating of
this ICM may be at least partially responsible for the observed
reduction in the average SFR of galaxies in the Peak regions
from z ∼ 3.1 to z ∼ 2.3, and that such a drop could occur without
the need to invoke a widespread merging scenario.
The dynamical timescale for galaxies in the highest-redshift
bin that are accreting into proto-cluster environments, a quan-
tity which is defined as the time from infall at Rvir to first
pericentric passage, is ∼ 0.3 Gyr adopting the formalism of
Wetzel (2011) and Wetzel et al. (2013). Such a timescale im-
plies that a galaxy situated deep in the core region13 is able to
make at least one or two passages through the proto-cluster core
in the time elapsed between the two redshift bins in our sam-
ple. Such passages may have several consequences including
13 Note that Rvir or its counterpart R200 is very small at these redshifts,
with R200 ∼225 kpc at z = 3.13 for a proto-cluster withM200 = 5× 1013
M⊙.
decreasing the merging time of any ongoing mergers through
tidal torquing, tidal stripping of the in situ or circumgalactic H i
gas, and, if a hot ICM begins to develop, ram pressure stripping
(see, e.g., Cen et al. 2014; Boselli et al. 2016; Steinhauser et al.
2016; Gavazzi et al. 2018; Moretti et al. 2018). Stellar feedback
induced through merging activity or through elevated levels of
star formation, as well as any associated AGN activity (see,
e.g., Shimakawa et al. 2018a), would likely only serve to in-
crease the effectiveness of such stripping (Bahé & McCarthy
2015; Lemaux et al. 2017) as otherwise usable gas is pushed
to larger galactocentric radii to eventually enhance and enrich
the ICM. Such feedback processes are likely more common
and more severe in our higher-M∗ galaxies. This sub-sample
contains the galaxies which are observed with the highest av-
erage SFRs of all galaxies in VUDS+. Such elevated SFRs
serve to increase the potency of stellar feedback processes (e.g.,
Heckman et al. 2015; Cicone et al. 2016; Ginolfi et al. 2020b)
and, though perhaps not causally, increase likelihood of various
types of AGN activity (Juneau et al. 2013; Lemaux et al. 2014b;
Aird et al. 2019). It is indeed these galaxies that are inferred to be
preferentially quenching from the higher- to the lower-redshift
bin in our own data.
While such a scenario appears to satisfy at least some trends
observed here and in the literature, considerable effort will need
to be made to test scenarios such as these through the use of
simulations and models that encode merging activity and the en-
richment of the ICM. Additionally, future work will be done as
part of the C3VO survey to characterize the entire population
of VUDS proto-clusters and groups in the same manner as was
done at z ∼ 1 in Hung et al. (2020). In concert with the exquisite
X-ray and other ancillary data available in the VUDS fields, the
large number of overdensities identified through this approach
will enable a comprehensive search for evidence of a hot ICM
both in individual cases and through stacked analysis. Such a
search will ultimately allow us tie the presence or absence of
a hot ICM in different structures to the properties of the galax-
ies contained within those structures. Through the use of simu-
lations and semi-empirical models, such evolution can eventu-
ally be connected to galaxy populations at low- to intermediate-
redshifts (0 ≤ z <∼ 1.5) where a clear anti-correlation between
star formation activity and environment is observed.
4. Summary and conclusions
In this paper we use a sample of 6730 star-forming galaxies spec-
troscopically confirmed at 2 ≤ zspec ≤ 5 in three extragalactic
legacy fields (COSMOS, ECDFS, and CFHTLS-D1) to investi-
gate the relationship between the average SFR of galaxies, as
measured by spectral energy distribution fitting, and their local
environment (δgal). These spectroscopic data were drawn primar-
ily from the VIMOS Ultra Deep Survey and supplemented by a
variety of other spectral surveys taken across the three fields,
including new observations taken with Keck/DEIMOS as part
of the C3VO survey. These data were supplemented by high-
quality photometric redshift measurements, which were used in
conjunction with the spectroscopic data to estimate the galaxy
density field at these redshifts through a technique known as
VoronoiMonte Carlo mapping.While at low to intermediate red-
shift (z <∼ 1.5) it has been shown that SFR and δgal are gener-
ally anti-correlated, at 2 ≤ z ≤ 5 we observe a reversal of the
SFR− δgal relation, with the two quantities showing a weak but
significant positive correlation over more than an order of mag-
nitude in local density. We list our main conclusions below:
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• The full spectral sample, which probes from rarefied field
environments to the core of massive proto-clusters, exhibits
a nearly monotonic rise in SFR over more than an order of
magnitude in local overdensity. Similar behavior is observed
between stellar mass (M∗) and local overdensity.
• The reversal of the SFR − δgal relation is observed across
all three fields and across all redshifts probed by our sample
with varying degrees of strength and significance. The rever-
sal remains significant after taking into account all measure-
ment uncertainties and selection effects, including the possi-
ble contribution of extremely dusty star-forming and quies-
cent galaxies that are largely absent from our sample.
• A positive SFR − δgal relation is also observed at fixed
M∗, with the strongest and most significant positive corre-
lation seen among the most massive galaxies in our sample
(log(M∗/M⊙) ≥ 10). After accounting for and removing
both redshift and stellar mass effects from the SFR − δgal
relation, a weaker, but still highly significant positive corre-
lation is observed.
• The SFR − δgal relation in the higher redshift portion of the
sample (2.7 < z ≤ 5) is observed to be considerably stronger
than in the lower redshift portion of our sample (2 ≤ z ≤ 2.7).
For environments that correspond to the outskirts and core
of proto-clusters, termed “Intermediate” and “Peak” regions,
no significant correlation is observed between SFR− δgal at
2 ≤ z ≤ 2.7, with galaxies in the field and the densest proto-
cluster environments showing statistically consistent SFRs.
Conversely, in the higher-redshift portion of our sample, a
highly significant positive SFR− δgal relation is found, with
galaxies in the densest proto-cluster environments exhibiting
averageSFRs >0.5 dex higher than those in the coeval field.
• The observed SFR − δgal shows consistency with investiga-
tions in other works of this relation in the Millennium, Illus-
trisTNG, and other simulations, with the magnitude of the
increase in the average SFR observed to be nearly identical
across the full density range probed in the simulations and
observations.
• We explore various scenarios that could incite the reversal of
the SFR − δgal relation at high-redshift and the subsequent
decrease in the strength of this reversal to z ∼ 2. We con-
clude that accelerated gas depletion, merging activity, and
processes related to the large scale environment, which in-
clude those originating from the development of a hot ICM,
are all plausible mechanisms to explain the observed behav-
ior.
This work marks an important step forward in establish-
ing the general relationship between galaxies and their environ-
ment at high redshift. However, considerable work, both with the
VUDS+ sample and with larger samples in the future from Sub-
aru/PFS and VLT/MOONS, will be necessary to begin to quan-
tify the average contribution of the various processes in shaping
the SFR − δgal at high redshift. Additional work will also be
needed to identify systems in such surveys that are in special
stages of formation at these epochs, such as those with frac-
tionally large populations of strongly starbursting galaxies or
massive quiescent galaxies, systems which are generally more
difficult or impossible to detect from an observed-frame op-
tical/NIR perspective. Ongoing, dedicated followup at optical,
near-infrared, and sub-mm wavelengths of several exceptional
structures in the VUDS+ sample, as well as systems which ap-
pear to be in a more typical stage of evolution, will be eventually
used to understand the various pathways through which various
processes might incite and suppress star formation activity in
high-density environments in the early universe.
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Appendix A: The Dependence of Physical
Parameter Offsets on Sample Variance
As discussed in §2.3, the median values of M∗ and SFR esti-
mated for galaxies in the three fields studied in this paper varied.
Specifically, for our full spectroscopic sample, there was an off-
set of +0.03/+0.07 dex and -0.13/+0.14 dex for M∗ and SFR,
respectively, for galaxies in the ECDFS and CFHTLS-D1 field,
respectively, relative to those in the COSMOS field. In this Ap-
pendix, we investigate whether these differences may be due to
sample variance effects.
The coverage of our spectral data is the largest in the COS-
MOS field out of the three fields studied here, with the coverage
being roughly two and five times the size of the CFHTLS-D1 and
ECDFS fields, respectively. Since all photometric data in an in-
dividual field is treated in a homogenizedmanner, we can test the
ability of sample variance alone to reproduce the offsets seen in
theM∗ and SFR values for the average galaxy in the CFHTLS-
D1 and ECDFS fields by sub-sampling the COSMOS data in re-
gions that are of equivalent sizes to these two fields. To this end,
we broke the spectral sample in the COSMOS field into separate
contiguous areas containing roughly equal numbers of galaxies
and calculated the dispersion of the median M∗ and SFR val-
ues in the different regions. This exercise was performed for two,
three, four, five, and six separate regions. The maximum disper-
sion in this method was 0.04 dex in both parameters, which is
less than most of the field-to-field offsets measured in §2.3.
It is also possible that the heterogeneous selection of galax-
ies within our final VUDS+ sample could contribute to the ob-
served offsets. The VUDS survey was selected nearly exclu-
sively through a homogeneous set of zphot or color criteria across
all fields. If selection effects were the primary reason for the ob-
served offset, we should see offsets that are considerably smaller
if only the VUDS galaxies are considered for each fields. How-
ever, the median offsets from field to field in both parameters are
nearly identical to those of the full VUDS+ sample.We conclude
from these exercises that the observed offsets are unlikely due to
sample variance or selection effects, and are rather primarily an
artifact of the heterogeneous imaging observations and treatment
of the photometric data across the various fields. As a reminder,
none of the results of this paper change meaningfully based on
whether or not the observed offsets inM∗ and SFR are applied
to the galaxies in the non-COSMOS fields.
Appendix B: Modification to the VMC Method in the
VUDS+ Mapping
In §2.4 we described the base VMC method used for the map-
ping, which is identical to that adopted by earlier works that
implemented VMC-based density mapping. In this Appendix,
we discuss the slight modification that we made to this method
for the purposes of this study. For each Monte Carlo realiza-
tion of each redshift slice in the VMC map, we first selected the
spectroscopic sub-sample by drawing from a uniform distribu-
tion ranging from 0 to 1 and retaining those zspec measurements
where the number drawn was below a certain likelihood thresh-
old set for that slice and iteration for all galaxies flags=X2/X9
and X3/X4. As a reminder, those galaxies with flag=X1 never
had their spectral information used. The likelihood threshold of
each flag was determined by the reliability of a zspec measure-
ment with a given flag, which was estimated from ∼200 objects
that were independently observed multiple times as part of the
VUDS survey. From these ∼200 objects, we estimated, for each
flag, from the number of observations that yielded statistically
identical redshift measures both a likelihood of a redshift of a
given flag to be reproducible in independent observations with
independent measurements as well as its associated uncertainty.
Due to small numbers, objects assigned a flag=X9 were treated
in combination with those assigned a flag=X2 and objects as-
signed a flag=X3 were grouped with flag=X4 objects. The like-
lihood values and their associated uncertainties were 0.70+0.04−0.06
and 0.993+0.004−0.006 for flags=X2/X9 and flags=X3/X4, respectively.
Though we do not use them in this study, this same exercise was
performed for flag=X1 objects and returned a likelihood value
of 0.41+0.06−0.08, a relatively high value given this is the lowest con-
fidence flag assigned to objects that have some detectable sig-
nal. These thresholds depart slightly from the values listed in
Le Fèvre et al. 2015 due to the differing methodology used to as-
sess the reliability of the flags. Note that the final VUDS+ spec-
troscopic sample is comprised roughly equally of flag=X2/X9
and flag=X3/X4 objects (47% to 53%, respectively).
To determine the threshold for flags=X2/X9 and X3/X4 ob-
jects for a given iteration and slice, a Gaussian was sampled with
a mean and dispersion corresponding to the likelihood values
and their associated uncertainties above. For each flag combi-
nation, this sampling would set the threshold for a given iter-
ation/slice, e.g., a sampling value of +1σ for the flag=X2/X9
objects would set the threshold for those objects to 0.70 + 0.04
= 0.74 in that iteration/slice. For each object, if the determined
threshold for the appropriate flag value was not exceeded, zspec
would be retained for that realization, otherwise the zphot infor-
mation was instead used. For each object where the zphot infor-
mation was adopted, or was the only information available, the
original zphot for that object was perturbed by sampling from
an asymmetric Gaussian distribution with σ values that corre-
spond to the lower and upper effective 1σ zphot uncertainties.
This treatment generated a unique set of redshifts for our en-
tire sample for each iteration of each redshift slice from which
to select the objects to Voronoi tessellate over. Results of pre-
liminary tests on the accuracy and precision of various incarna-
tions of this method are discussed in Tomczak et al. (2017) and
Lemaux et al. (2018). Additionally, the effectiveness of a version
of this method to recover groups and clusters in the intermediate
redshift Observations of Redshift Evolution in Large Scale En-
vironments (ORELSE; Lubin et al. 2009) survey is discussed in
detail in Hung et al. (2020) and will be discussed in the context
of the VUDS and C3VO surveys in a future work.
Appendix C: On Spectral Representativeness
In §2.5 we discussed the lack of spectral representativeness of
the VUDS+ sample. In particular, we noted that, at a givenM∗,
objects in the parent photometric sample at bluer colors in the
range 2 < zphot < 5 generally appeared to have a higher percent-
age of spectroscopic redshifts. This trend is shown again in the
left panel of Figure C.1, where we now plot the spectral frac-
tion of objects in the NIR-selected photometric parent sample
in coarser bins of 0.5 and 0.25 in MNUV − Mr color and M∗,
respectively. In each two-dimensional bin, the number of galax-
ies with spectral redshifts within the redshift range considered in
this paper (2 ≤ z ≤ 5) are given as the top number. The number
of objects that have zphot values within the redshift range con-
sidered here that either do not have a spectral redshift or have
a spectral redshift within our adopted redshift range is given as
the bottom number in each bin. The color bar indicates the zspec
fraction in each bin.
It is again apparent from inspection of the left panel of Figure
C.1 that galaxies in the spectral sample preferentially have a se-
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cure spectral redshift at the bluest colors at a given stellar mass,
as zspec fractions appear at ∼25-75% for the bluest colors and
<∼5% for the reddest colors across nearly the entire stellar mass
range plotted. The galaxies on the extrema of the color distribu-
tion at a given stellar mass are sub-dominant, both in the zphot
sample and, in terms of absolute numbers, in the spectral sam-
ple (see the left panel of Figure 4). Therefore, the main channel
for them to disrupt a general analysis is if the average SFRs are
considerably higher than their counterparts at bluer colors14. If
this were the case, it would perhaps make our results more sensi-
tive to small sample statistics and the sampling of such galaxies
in each environment.
In the right panel of Figure C.1 the average SED-derived
SFR is shown in two-dimensional bins of color and stellar mass
for the same observed-frame NIR-limited sample. It is immedi-
ately clear in this figure that objects appearing at redder colors
show depreciated levels of star formation at fixed stellar mass
relative to their bluer counterparts. Further, the decrease in SFR
is a slowly-varying, smooth function of color and stellar mass
for the populations plotted here. Because of the lack of stark
change in the average SFR for the bulk of this sample, the rel-
ative scarcity of redder galaxies at a given stellar mass, and the
fact that we are preferentially sampling galaxies at the high end
of the SFR distribution at a given stellar mass (with the possible
exception of dusty starbursts), it is unlikely that the bias seen in
the left panel of Figure C.1 meaningfully affects the main con-
clusions presented in this paper.
Despite the high likelihood of our results being invariant to
this sampling effect, we formally tested the possible effect of this
bias in the following manner. We begun by looking at the spec-
tral representativeness in each bin of color and stellar mass plot-
ted in the left panel of Figure C.1 by means of one-dimensional
Kolmogorov-Smirnov (KS) tests. For each bin in color and stel-
lar mass, a KS test was run on the distribution of the zphot objects
and zspec galaxies in that bin. For nearly all (80%) of the bins
in stellar mass and color running −0.5 ≤ MNUV − Mr ≤ 4 and
9 ≤ log(M∗/M⊙) ≤ 11.5 for bins that had sufficient numbers of
both zspec and zphot objects, N > 3 and N > 20, respectively, the
KS test did not return a significant rejection of the null hypothe-
sis (> 3σ) that the two distributions were drawn from the same
sample. We conclude from this exercise that the final spectral
sample is broadly representative of the non-dusty star-forming
galaxy population at these redshifts in each individual color-M∗
bin. This representativeness allows us to leverage the spectral
sample in each individual color-M∗ bin to proxy as the underly-
ing photometric sample.
Following this, we attempted to homogenize the zspec frac-
tion using a Monte Carlo approach. We begun by identifying
all color-M∗ bins in the left panel of Figure C.1 that we con-
sider well-sampled spectroscopically. For the purposes of this
exercise, we defined this term as any bin whose zspec fraction is
≥ 3% and the number of galaxies with a secure zspec exceeds
three. These cuts included the majority (70.0%) of all photomet-
ric objects within this redshift range and the results of this ex-
ercise do not meaningfully change if we slightly adjusted these
limits. We then set a fiducial zspec fraction that we will homog-
enize each color-M∗ bin to for all Monte Carlo iterations. If the
zspec fraction exceeded this fiducial value for a given bin, for
each Monte Carlo realization, we randomly sampled the SFR
and log(1 + δgal) values from the available zspec galaxies in that
14 As a reminder, we are considering here only non-dusty star-forming
galaxies. Dusty star-forming galaxies and sub-mm populations are con-
sidered in §3.1
bin only enough times to reduce the zspec fraction to the fidu-
cial value. If the zspec fraction was below this fiducial value for a
given bin, in addition to keeping all zspec galaxies in that bin, we
again randomly sampled all zspec galaxies in this bin a sufficient
number of times to raise the zspec fraction to the fiducial value. At
the end of this process, for each bin that is well-sampled spectro-
scopically, the zspec fraction is homogenized to the fiducial value
and a unique set of SFR and log(1 + δgal) values were gener-
ated for that iteration. A fiducial zspec fraction of 0.2 was chosen
here as an intermediate value to all those shown in the left panel
of Figure C.1, though the results of this exercise do not change
meaningfully if this fraction is slightly varied.
At the end of each Monte Carlo iteration, we calculated the
Spearman ρ and significance of the rejection of the null hypoth-
esis that the two parameters are uncorrelated. Over 1000 Monte
Carlo iterations we found a rejection of the null hypothesis at
> 3σ for all iterations, with a median significance of 6.9σ and
a median ρSFR−δgal = 0.07. While the strength of the correlation
is slightly lower than that of the full spectral sample (see §3.1),
this is somewhat expected given that the random sampling of
the SFR and log(1 + δgal) values in the Monte Carlo process
necessarily dilutes the true signal when averaging over a large
number of realizations. Though we did not strictly impose the
stellar mass and color limits used in this exercise to define the
final VUDS+ spectral sample, these galaxies make a small con-
tribution (< 10%) to the overall sample. Additionally, the main
conclusions of this study do not change meaningfully if we in-
stead limit the final VUDS+ sample to the >6000 galaxies with
log(M∗/M⊙) ≥ 9 and MNUV − Mr ≥ −1.
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Fig. C.1. Left: A rest-frame color-stellar mass diagram (CSMD) of an observed-frame NIR-selected sample of zphot and zspec objects in across the
three VUDS fields. The fraction of zphot objects with a secure spectral redshift in each color/stellar mass bin is indicated by the color bar. In each
color/stellar mass bin the number of zspec and zphot objects are given by the upper and lower number in each box, respectively. Only those bins
that contained 20 or more zphot objects are plotted. This plot is nearly identical to the right panel of Figure 4, but here the bins are more coarse to
reflect the size used to perform the weighted Monte Carlo SFR-δgal analysis presented in this section. Right: CSMD of the zphot sample plotted
in the left panel with the color bar now corresponding to the average SED-fit SFR of all objects in that bin. No color or stellar mass limits are
imposed on the galaxies plotted here, and two-dimensional bins are now plotted if they contain at least one object. The average SFR is seen to
vary smoothly as a function of color and stellar mass over the range plotted. While the clear preference of the VUDS+ spectral sampling towards
bluer galaxies at fixedM∗ appears to potentially bias the spectral sample to higher SFRs, from the analysis presented in this section we conclude
that this potential bias does not drive the significant positive correlation between SFR and δgal seen in the full VUDS+ sample.
Article number, page 22 of 22
